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palavras-chave 
 
Diatomáceas, Zinco, Cobre, indicatores fisiológicos, biomarcadores, metabolómica, 
estratégias de tolerância 
resumo 
 
 
Os ecossistemas dulçaquícolas encontram-se sob a ameaça constante de pressões 
antropogénicas, nomeadamente contaminação por metais. As diatomáceas são 
utilizadas como indicadores de qualidade da água, contudo a influência de 
micronutrientes, como zinco (Zn) e cobre (Cu), e os seus possíveis impactes são 
pouco compreendidos. Os objetivos deste estudo passam por elucidar o nível de 
tolerância, os alvos e repostas celulares para contradizer a toxicidade dos metais Zn 
e Cu em diatomáceas de água doce, expondo Tabellaria flocculosa (TFLO), isolada 
de um local contaminado, a 30, 500 e 1000 µg Zn/L e 0,3, 6 e 10 µg Cu/L. Diferentes 
abordagens bioquímicas, fisiológicas e metabolómicas foram utilizadas. 
Concentrações de Zn e Cu que ocorrem em ambientes contaminados tem efeitos 
tóxicos nesta espécie. O Cu, este é tóxico para TFLO a concentrações comuns no 
ambiente que não são considerados contaminados (0.3 µg Cu/L) e a sua toxicidade 
aumenta com a concentração. TFLO mostrou ainda ter estratégias distintas para 
sobreviver à exposição a diferentes níveis de stress impostos por Zn e Cu. TFLO 
sobrevive a elevadas concentrações intracelulares de Zn e Cu pelo aumento das 
enzimas antioxidantes (SOD, CAT) e recorrendo a compostos antioxidantes de baixo 
peso molecular (GSH). Estes mecanismos são suportados pela elevada produção 
de energia (atividade ETS e ainda no caso do cobre, açucares e lípidos). Às 
concentrações de 1000 µg Zn/L e 6 e 10 µg Cu/L, todos estes processos metabólicos 
mostraram ser especialmente aumentados em acréscimo aos processos de 
imobilização extracelular. O aumento da imobilização extracelular (EPS e frustulinas) 
parece ser uma estratégia comum de combate à toxicidade do Cu. Desta forma as 
células procuram restringir e mitigar o stress oxidativo gerado pelo aumento das 
concentrações intracelulares de Zn e Cu. Contudo, estes mecanismos não foram 
suficientes para proteger as células de danos em membranas e proteínas, incluindo 
do aumento do numero de valvas com teratologias a elevadas concentrações de Zn 
(500 e 1000 µg Zn/L) e em todas as concentrações de Cu. Mais ainda, uma 
diminuição nos compostos como a sacarose e especialmente o lumicromo deveriam 
ser estudados futuramente como marcadores específicos da toxicidade do Zn. No 
caso do Cu, a diminuição do composto hidroxilamina e de ácidos gordos (FA) 
insaturados e o aumento dos FA saturados, 2-palmitoilglicerol, glicerol e compostos 
diterpenos assim como o conteúdo em clorofila c devem ser testados como 
marcadores específicos de exposição ao Cu. Esta informação pode suportar o 
melhor entendimento do modo de ação de Zn e Cu a predição da resposta da 
comunidade de diatomáceas de água doce em diferentes ambientes contaminados 
com Cu e Zn, incluindo ambientes altamente contaminados, como na exploração 
mineira, pode ainda ajudar no desenvolvimento de novos índices para contaminação 
por metais, tendo em conta a existência de espécies tolerantes e ajudando políticas 
de avaliação de risco ambiental. 
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Abstract 
Freshwater ecosystems are under threatening anthropogenic pressures worldwide, 
namely metals. Diatoms are used as water quality indicators, but the impacts of 
micronutrients such as zinc (Zn) and copper (Cu) on diatoms are poorly understood. 
Our study aimed to elucidate the tolerance level, the cellular targets and the responses 
to counteract Zn and Cu toxicity of freshwater diatoms by exposing Tabellaria 
flocculosa (TFLO), isolated from a contaminated stream, to 30, 500 and 1000 µg Zn/L 
and 0.3, 6 and 10 µg Cu/L. Biochemical, physiological and metabolomic approaches 
were used.  It was demonstrated that Zn and Cu are toxic to TFLO at concentrations 
occurring in contaminated environments. Cu was already toxic to TFLO at 
concentrations common in non-contaminated environments (0.3 µg Cu/L), and toxicity 
increased with Cu concentration. Distinct strategies to cope with Zn and Cu were 
shown. 
TFLO cells cope with intracellular high Zn and Cu concentrations by increasing 
antioxidant enzymes (SOD, CAT) and using low molecular weight antioxidants (GSH). 
These mechanisms are fuelled by a high energy production (ETS activity, and in Cu 
exposure sugars and lipids oxidation). At the highest Zn concentration (1000 µg/L) 
and 6 and 10 µg Cu/L, these metabolic processes were specially enhanced in addition 
to extracellular immobilization (EPS, frustulins), in an attempt to restrain the oxidative 
stress generated by high intracellular Zn and Cu concentrations. However, these 
mechanisms were not able to fully protect cells and damage in membranes and 
proteins occurred, including the increase of teratological valves at high Zn 
concentrations (500 and 1000 µg Zn/L) and Cu exposure from low to high 
concentrations (0.3 to 10 µg Cu/L). Additionally, the response of certain compounds 
was especially promising as potential markers for metals stress. For example, the 
decrease   in sucrose and especially lumichrome should be tested as new specific 
markers of Zn toxicity. Additionally, the decrease of hydroxylamine and unsaturated 
fatty acids (FA) and the increase of saturated FA, 2-palmitoylglycerol, glycerol and 
diterpenoid compounds and chlorophyll c should be tested as new specific markers of 
Cu toxicity in future studies.  
This information supports the better understanding of Zn and Cu mode of action and 
prediction of diatom response in different Zn or Cu contamination levels, including 
highly impacted environments, such as mining scenarios, and may help develop new 
indices, taking into account species’ tolerance strategies and assist in environmental 
risk assessment policies.  
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Chapter 1- Introduction 
Diatoms and Metals 
Surface freshwaters are highly affected by anthropogenic pressures, which 
compromise their quality worldwide (Allan and Castillo, 2007; Millennium Ecosystem 
Assessment, 2005). Metals are one of the main environmental stressors, resulting 
from various sources such as mining, industry and agriculture (Corcoll et al., 2012b; 
Hogsden and Harding, 2012; Johnson and Hallberg, 2005; Ritter et al., 2008). 
Metals’ persistence and potential to accumulate can have serious impacts on 
freshwater communities, as decreased density and biodiversity loss (Gottschalk, 
2014; Lavoie et al., 2009). Thus, metals’ excess effects and the way of monitoring 
them in aquatic ecosystems has been the focus of several studies along the years, 
however their effects are still not fully understood. 
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1.1 Freshwater diatoms as metal contamination indicators 
Using algae, and specially diatoms to assess water quality became a common 
practice (Koukal et al., 2007; OCDE, 1984; Rand, 1995).  Diatoms are one of the 
most important groups of algae, being present and often dominant in a diverse range 
of habitats (Hoek et al., 1995). Furthermore, due to their short life cycle, and 
therefore fast response to environmental changes, its sensitivity to different stress 
factors and the siliceous frustules’ preservation (Dixit et al., 1992; Rimet, 2012; Smol 
and Stoermer, 2010), among other advantages diatoms became water quality bio-
indicators by excellence (BQE-biological quality elements) (Hering et al., 2006). 
Based on this widespread group of algae, its species richness and taxonomic shifts, 
several taxonomic indices were developed and are now commonly used to classify 
water bodies concerning eutrophication and organic pollution used in monitoring 
programs for  Water Framework Directive, WFD (Directive 2000/60/EC)  (Cemagref, 
1982; Corcoll et al., 2012c; Kelly et al., 2009, 2012, 1998; Lavoie et al., 2008; 
Teittinen et al., 2015) accomplishment.  
However, common diatom-based monitoring programs do not include metal 
contamination, thus it is necessary to develop tools for evaluating and monitoring 
efficiently the stress caused by metals in aquatic ecosystems. It has been shown 
that diatom cell size and valve deformities might be good indicators of metal 
pollution (Cantonati et al., 2014; Ferreira da Silva et al., 2009; Ivorra et al., 2002; 
Lavoie et al., 2017; Luís et al., 2014, 2009; Morin et al., 2012; Pandey and Bergey, 
2016) and several studies reported biochemical and physiological effects of metals 
on freshwater communities (Bonet et al., 2013, 2012a; Branco et al., 2010; Corcoll 
et al., 2012c; Leguay et al., 2016; Luis et al., 2013; Santos et al., 2013). Growth and 
physiological alterations, such as pigments’ content and fluorescence, are the most 
evaluated endpoints in studies assessing metals’ toxicity in algae (eg. Corcoll et al., 
2011; Luis et al., 2013). Pigments have been explored as early warning tools for 
metal contamination since they are assumed  to reflect the damage caused by 
metals on the photosynthetic processes, essential for autotrophic organisms as 
diatoms (Corcoll et al., 2011; Luis et al., 2013).  
Valve deformations were registered for the first time in 1890 by Cox (Cattaneo et 
al., 2004). Since then, some research about morphological teratologies  aiming to 
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develop a diatom-based monitoring tool to assess metal contamination in streams 
(Corcoll et al., 2012c; Lavoie et al., 2017, 2012; Morin et al., 2012) took place. Two 
main problems to develop a diatom-based monitoring tool for metals were identified 
by Rimet (2012): the small number of ecotoxicological studies and their restricted 
coverage area (Rimet, 2012). Different authors agree that diatom morphology 
alterations’ potential is unexplored and could be used for monitoring environmental 
stress in the future (Cattaneo et al., 2004; Rimet, 2012; Smol and Stoermer, 2010), 
this has been even also discussed, for example, by the Swedish Effect Based 
Methods Task to be implemented into the WFD as a marker to indicate metal and 
maybe herbicide pollution (Wernersson et al., 2014). However, the process of 
producing abnormal valve forms, in symmetry, striae pattern or raphe structure are 
not yet fully understood but seem to be linked to toxic concentrations of trace 
elements (Cantonati et al., 2014; Falasco et al., 2009a; Lavoie et al., 2017; Morin et 
al., 2012). Recently, Riato et al (in press) was able to develop a diatom-based 
multimetric index sensitive to permanent mining (high metal concentration) impaired 
wetlands in the Mpumalanga Highveld region (Africa), the metrics developed may 
be suitable for regional management. 
 
However, are pigment content and fluorescence and diatom valve deformities 
enough as metal contamination markers? How specific can they be? 
Changes in pigments and deformities should not be used alone as metal 
contamination makers because they are linked to different (and many) stress factors 
(Arini et al., 2012; Corcoll et al., 2011; Falasco et al., 2009a, 2009b; Lavoie et al., 
2017; Luis et al., 2013).  
 
1.2 Zn and Cu impacts on algae 
Zn and Cu are two essential micronutrients metals with important roles in cell 
functioning. Zn is a cofactor of several enzymes, such as carbonic anhydrase and 
rubisco (Hassler et al., 2005), carboxypeptidases, aminopeptidases and 
phospholipase C and it is present in proteins with Zn finger domains (Godinho et al., 
2014; Silva and Williams, 2001). However, Zn is a common contaminant  in surficial 
freshwater (Aschberger et al., 2010) and long-term effects have been reported on 
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microbenthic communities for concentrations ranging from 0.05 to 2.5 mg Zn/L 
(Paulsson et al., 2000). Zn may have toxic effects, disturbing metabolism, impacting 
chlorophyll  and inhibiting cell division, thus being considered a growth inhibitor 
(Filippis et al., 1981; Pawlik-Skowrońska, 2003, 2001; Stauber et al., 1990). 
Copper is a cofactor of metalloenzymes, such as the Cu/Zn Superoxide dismutase 
(SOD) or an electron carrier of photosynthesis, the plastocyanin (Borowitzka et al., 
2016; Festa and Thiele, 2011; Jamers et al., 2013a; Peers and Price, 2006). Mining 
and industry are the main sources for Zn and Cu in aquatic environments. However, 
CuSO4 is also frequently used to control fungal infections in crops, for example in 
vineyards, due to its fungicide properties (Viana and Rocha, 2005). Applications of 
CuSO4 usually end up draining into the surrounding waters, increasing the 
concentrations of soluble Cu ions, with serious impacts on photosynthetic 
microorganisms (Jamers et al., 2013a).  
Above physiological concentrations metals, including Zn and Cu, are toxic to cells 
producing oxidative stress (Bonet et al., 2012b; Chen et al., 2013). In general, 
metals’ toxicity in algae is associated with inhibition of photosynthesis (Corcoll et al., 
2012c; Mallick and Mohn, 2000). Zn and Cu toxicity is dependent on the bioavailable 
concentration, the species used and the biological markers assessed. Metals’ 
toxicity is associated with an overproduction of reactive oxygen species (ROS) 
(Hamed et al., 2017) (Figure 1).  
 
 
 
 
 
 
Figure 1- General mechanism ROS toxicity in cells. Adapted from Regoli et al. (2014). 
Frustulins 
EPS 
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Chloroplasts and mitochondrial activities naturally form ROS (Mallick, 2004) and 
thus, cells are provided with mechanisms to scavenge ROS, such as antioxidant 
enzymes (Superoxide dismutase, SOD and Catalase, CAT) and low molecular 
weight compounds (Glutathione) with antioxidant activity and others, and to 
minimize their toxicity, as biotransformation enzymes (Glutathione-S-transferases, 
GSTs) (Mallick and Mohn, 2000).   
In order to minimize and avoid the effects of metals, organisms trigger these cellular 
defence mechanisms (Perales-Vela et al., 2006), coupled with extracellular 
immobilization [exopolysaccharides- EPS and frustulins, specific proteins 
associated with the diatom’s silicified wall (Santos et al., 2013)], restriction of metal 
ions’ transport into the cell, intracellular precipitation and chelation. The free metal 
ions remaining interfere with cellular molecules and processes leading to enzyme 
inactivation and ROS production. ROS scavenging,  by  antioxidant enzymes and 
molecules and biotransformation, all contribute to decrease the toxicity originated 
by metal ions (Branco et al., 2010; Figueira et al., 2014; E. Pinto et al., 2003; Regoli 
and Giuliani, 2014).  
When these mechanisms fail to reduce ROS, oxidative stress may compromise not 
only membrane integrity (lipid peroxidation, LPO) (Mallick, 2004; Mallick and Mohn, 
2000) but also interacting with nucleic acids and proteins (Protein carbonylation, 
PC), damaging inflicted cells (Regoli and Giuliani, 2014; Tripathi et al., 2006). The 
induction of these mechanisms can be monitored and used as biomarkers of 
oxidative stress in different contamination scenarios (Branco et al., 2010; Figueira 
et al., 2014; Santos et al., 2013). These markers are common to all conditions that 
may induce oxidative stress, such as UV light, pesticides, organic compounds, 
pharmaceuticals and metals. Thus, parameters that specifically mark metal toxicity 
(Zn and Cu) effects would be of great relevance for assessment in multi-impacted 
environments, where it becomes difficult to discriminate the contribution of each 
contaminant to the overall impact observed.  
Several studies have arisen which assess the biochemical, physiological and Omics 
alterations caused by metal contamination in algae (Branco et al., 2010; Dyhrman 
et al., 2012; Jamers et al., 2009; Morelli and Scarano, 2001; Ernani Pinto et al., 
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2003; Rijstenbil et al., 1994). Omics is a recent concept, it refers to a biology field 
with the suffix “omics “, such as genomics, proteomics or metabolomics and it aims 
the characterization and mapping of a set of biological molecules of such fields. 
These approaches enable a better evaluation of the changes cells undergo and the 
mechanisms they resort when exposed to challenging conditions, such as metal 
stress (Branco et al., 2010; Jamers et al., 2009). Studying the cells’ metabolome by 
metabolite profiling analysis has until now been focused on the identification of algae 
metabolites with economic value (Jamers et al., 2009), these studies are still rare 
but increasing (Johnson et al., 2017). The metabolite profiling approach is a 
powerful tool to characterize organisms’ cellular response to environmental stress 
stimuli, by identifying and quantifying changes in metabolites from cellular 
processes, elucidating the metabolic pathways involved in the response to a specific 
stress (Borowitzka et al., 2016; Heydarizadeh et al., 2013; Jamers et al., 2009; 
Viant, 2009).   
 
1.3 Zn and Cu in European streams 
 
In European stream water, Zn concentrations (mean values) vary from µg to mg per 
liter (Salminen et al., 2005). Countries as Sweden, Portugal, Canada or U.S.A have 
included Zn in the priority substances’ list (APA, 2016; ATSDR, 2014; CEPA, 1999; 
HVMFS, 2016). In Sweden, concentrations of bioavailable Zn above 5.5 µg/l and of 
more than 20 µg/l dissolved Zn are considered as “not good ecological status” 
(HVMFS, 2016).  
On the other hand, Cu concentrations (mean values) are lower varying between 
0.23 µg/L to 14.6 µg/L (Salminen et al., 2005). However, in highly polluted sites such 
as mining areas, the Cu concentrations may reach the mg/L range (Larson, 2010). 
In Sweden, concentrations of bioavailable Cu above 0.5 µg/l and of more than 12 
µg/l dissolved Cu are considered as “not good ecological status” (HVMFS, 2016). In 
Portugal, Zn and Cu concentrations above 7.8 µg/L are considered “not good 
ecological status” (APA, 2016). 
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1.4 Previous research 
 
Studies evaluating the effects of Zn and Cu in algae, including diatoms, were mainly 
focused in measuring physiological parameters as growth, chlorophyll fluorescence, 
pigments’ content and, in the diatoms, frustule deformations.  
Despite the extensive literature on biological effects of essential metals, few studies 
have fully evaluated the intracellular effects of excessive Zn concentrations  
(Admiraal et al., 1999; Hassler et al., 2005; Paulsson et al., 2002) and even less on 
freshwater benthic diatoms.  
The same is observed for Cu. Previous field and mesocoms studies showed a 
decrease in algal abundance with Cu concentrations between 5-10 µg Cu/L (Leland 
and Carter 1984) or a reduction in diatom species diversity at 30 µg Cu/L (Kaufman 
1982). Additionally, there is much literature evaluating the effects on marine species 
(Contreras et al., 2005; Debelius et al., 2009; Florence et al., 1983; Mallick, 2004; 
Nielsen and Wium-Andersen, 1970; Rijstenbil et al., 1994; Ritter et al., 2010, 2008; 
Stauber and Florence, 1987; Torres et al., 2008) and only a few works report effects 
on freshwater algae species (Knauert and Knauer, 2008; Nielsen and Wium-
Andersen, 1970; Tripathi et al., 2006). Most of these studies took place in the 
seventies and eighties, using very high concentrations of Cu (in the range of 
hundreds µg/mL to mg/L) (Bringmann and Kühn, 1980; Brown and Rattigan, 1979; 
Elder and Horne, 1978; Laube et al., 1980; Nielsen and Laursen, 1976; Nielsen and 
Wium-Andersen, 1970; Walbridge, 1977; Young and Lisk, 1977).  
In fact, all these studies evaluated the negative effects of Zn and Cu in algae. 
However, the use of high and different Zn and Cu concentrations, species from 
different habitats (marine/freshwater), different exposure periods, different 
experimental set-up and evaluation of different end points, became difficult to clarify 
the Zn and Cu impact in freshwater algae communities. These previous works do 
not explore the cellular processes under high metal conditions or how the observed 
metal tolerance of certain diatom strains is established (Ivorra et al., 2002) and the 
tools used are not specific for metal stress assessment. Research on specific 
alterations, such as metabolomic, biochemical and physiological alterations is 
scarce in the literature. The use of different approaches combined in the same study 
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could be of great value to unravel Zn and Cu toxicity targets in algae and for the 
development of specific markers for metal stress, an important step for biofilms 
ecotoxicology. 
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Chapter 2 –  Objectives & Hypotheses 
 
Given the context presented, this study aimed to understand the features enabling 
freshwater benthic diatoms to colonize Zn and Cu contaminated environments and 
develop specific cellular markers for Cu and Zn contamination. Thus, the responses 
of the freshwater diatom Tabellaria flocculosa (Roth) Kützing 1844 (TFLO) to 
environmental relevant Zn and Cu concentrations were explored through using a 
multidimensional (biochemical, physiological and metabolomic) approach. 
 
With this approach, we hypothesized that: 
I) Zn and Cu affect TFLO cells;  
II) Zn and Cu induce physiological, biochemical and metabolic alterations;  
III) different Zn and Cu concentrations impose different stress levels;  
IV) different mechanisms are used to counteract toxicity. 
 
To our knowledge, such an integrated approach of studying Zn and Cu tolerance 
mechanisms of a freshwater benthic diatom by exposing it to Zn and Cu 
concentrations relevant for European streams was never carried out before, and our 
results might elucidate the mechanisms diatoms resort to tolerate Zn and Cu and 
might be used to specify new and specific markers of Zn and Cu toxicity.   
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Chapter 3- Region characterization, diatom 
isolation, cultivation and growth determination 
 
Dalarna region,  in Sweden, is known for metal exploitation  (Larson, 2010).  The 
region contains old (approx. 1000 years) and new mines and an history of mine 
effluents draining on the surrounding waters (Larson, 2010). According to the report 
from Dalarna’s Administration County Board (2010), in some river sites Zn and Cu 
concentrations in water may be above 1000 µg Zn/L and 580 µg Cu/L, with the 
highest value registered of 9300 µg Zn/L and 1800 µg Cu/L.  
The species used for this study, Tabellaria flocculosa,  was isolated from  
Silvbergssjön stream in this region with 500 µg Zn/L, 6.2 µg Cu/L and water pH~5 
(water parameters summarized in table S1) (Larson, 2010). The isolation of a single 
cell was made by micropipette technique to agar plates (Andersen, 2005; Round et 
al., 1990) followed by transference to WC liquid medium (Guillard and Lorenzen, 
1972). TFLO culture is now part of SLU diatom culture collection.  
The use of TFLO monoculture for ecotoxicological studies  intended to avoid other 
stress factors, such as interspecific competition. 
The strain was pre-cultured in WC medium at pH 5, until exponential growth was 
reached. Cells at exponential growth were used for Zn or Cu experiments by 
transferring approximately 250 000 cells to new sterile flasks containing 250 ml of 
WC modified medium (1000 cells/ml), supplemented with different Zn or Cu 
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concentrations. At the end of exposure time, 1 mL of each Erlenmeyer was 
preserved with Lugol’s solution for cell counting. Cell density was measured by 
direct counting in a Neubauer chamber using Nikon Eclipse 80i microscope.  
The experiments were performed at 20 ± 2 °C with a 12 h/12 h light/dark cycle at 75 
μmol/m2/s in WC medium, with nominal Zn concentrations of 0, 30, 500 and 1000 
µg/L (added as ZnSO4) or Cu concentrations of 0, 0.3, 6 and 10 µg/L (added as 
CuSO4) during 96h for biochemical, physiological and metabolomic analysis and 
during 10 days for teratological studies (Figure 2). The WC medium was modified 
by using just 1/10 of the EDTA/trace metal solution to ensure that the added Zn 
would be present mainly as free ions instead of chelated by EDTA (calculations 
done by Visual MINTEQ ver. 3.0). Cu concentration in WC medium alone (control) 
was 1 µg/L. Zn concentration in WC medium alone (control) was 2.2 µg/L. 
The concentrations of Zn and Cu exposure where chosen considering modelled 
values (Salminen et al., 2005), measured concentrations in the Swedish national 
monitoring system of reference sites (HVMFS, 2016), measured concentrations in 
mining impacted areas and recommendations for threshold values for risk 
assessment of Zn and Cu (e.g. Larson 2010). Measured concentrations in the 
Swedish national monitoring system of reference sites are on average 0.5 µg Cu/L 
and below 10 µg Zn/L, values up to 3 µg Cu/L in non-impacted streams are not 
uncommon (HVMFS, 2016), which fits quite well with the nominal control 
concentration of Zn and Cu in the WC medium (2.2 µg Zn/L; 1 µg Cu/L). Zn 
concentration of 30 µg/l was chosen as a concentration which is not considered as 
“good ecological status”  occurring in in moderately metal polluted waters as 
Swedish rivers and lakes (Naturvårdsverket, 1999) and  is common in European 
streams  (Salminen et al., 2005).  In current Swedish legislation, 20 µg/l threshold is 
considered to indicate below good ecological quality of freshwater, indicating a risk 
for toxic effects due to Zn in freshwater organisms (European Union, 2010; HVMFS, 
2016). According to Naturvårdsverket (1999), 500 µg Zn/L was considered a very 
high concentration for Swedish waters. However, 12% of all sites studied from 
Dalarna region have concentrations above 500 µg Zn/L. The selection of 1000 µg 
Zn/L as an extremely high concentration was not meant to cause total growth 
inhibition of TFLO. Furthermore, 1000 µg Zn/L is also the threshold concentration 
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where all tested organisms showed toxic effects under Zn exposure (European 
Union, 2010). Cu concentration of 0.3 µg/L was chosen as the median concentration 
occurring in European streams, and 6 and 10 µg Cu/L as concentrations commonly 
noted in metal contaminated streams  (Salminen et al., 2005). Selection of 10 µg 
Cu/L and not higher concentrations ensured still sufficient biomass for analyses, and 
not a total growth inhibition of TFLO.  
As stated above, such high values are observed in mining areas in Sweden 
(Larson, 2010). 
 
 
µg Cu/L 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The parameters evaluated include growth, fluorescence, cell damage [teratological 
forms, lipid peroxidation (LPO), and protein carbonylation, (PC)], physiological 
alterations [(proteins, exopolysaccharides (EPS), frustulins, electron transport 
system (ETS), pigments (chlorophyll a, Chl a, chlorophyll c, Chl c and carotenoids)], 
antioxidant and biotransformation response (SOD, CAT and GSTs), Glutathione 
Zn
2+
 
pH 5 
Cu
2+
 
pH 5 
- light intensity: 75 μmol·m
−2
·
s−1
;  
-12 h: 12h light/dark cycle; 
- 20±2 ◦C; 
- 96h for biomass harvesting; 
- 10 days for teratologies evaluation. 
Figure 2-  TFLO culture conditions diagram 
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exponential growth 
Control 
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 (0 µg/L) 
0.3 µg/L 6 µg/L  10 µg/L 
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content (GSH, GSSG) and metabolite profiling by Gas Chromatography- Mass 
Spectrometry (GC-MS). Methods are described in detail in the publication list. 
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Chapter 4 – Results and Discussion 
 
The present study is based on the work contained in the following papers/ 
manuscripts, referred by Roman numerals in the text: 
 
I- Gonçalves, S., Figueira, E., Almeida, S.F.P., Kahlert M., Physiological 
markers of Zn and Cu impacts in freshwater diatoms: Tabellaria flocculosa 
photosynthetic activity and valve malformations (manuscript) 
II- Gonçalves, S., Kahlert M., Almeida, S.F.P., Figueira, E. Diatoms challenged 
by Zn contamination: biochemical and metabolomic responses of Tabellaria 
flocculosa.  (Submitted) 
III- Gonçalves, S., Kahlert M., Almeida, S.F.P., Figueira, E. Assessing Cu 
impacts on freshwater diatoms: biochemical and metabolomic responses of 
Tabellaria flocculosa. (Submitted) 
IV- Lavoie, I., Hamilton, P.B., Morin, S., Kim Tiam, S., Kahlert, M., Gonçalves, 
S., Falasco, E., Fortin, C., Gontero, B., Heudre, D., Kojadinovic-Sirinelli, M., 
Manoylov, K., Pandey, L.K., Taylor, J.C., 2017. Diatom teratologies as 
biomarkers of contamination: Are all deformities ecologically meaningful? 
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Ecol. Indic. 82, 539–550. doi:10.1016/j.ecolind.2017.06.048 (Published 
online) 
TFLO results (papers I, II and III) are summarized in Figure 5 and 7. The colours 
blue, orange and grey in the arrows represent the response at 30, 500 and 1000 µg 
Zn/L (Figure 5) or 0.3, 6 and 10 µg Cu/L (Figure 7), respectively. The arrow direction 
“up” indicates an increase and “down” a decrease in the parameter evaluated. The 
size of the arrow is indicative of the magnitude of the variations, i.e., higher or 
smaller increases/decreases and all the parameters were compared to the control. 
Paper IV is a published review on diatom valve malformations, in which some of the 
observations from paper I, II and III were taken up, due to its relevance to the 
subject, it is referred on this thesis manuscript.  
 
4.1 TFLO response to Zn contamination  
4.1.1 Physiological response (growth; fluorescence; pigments content: Chl a, 
Chl c and carotenoids; intracellular Zn concentration; protein, frustulins and EPS 
production; ETS activity) – papers I, II and IV 
TFLO exposed for 96h to different Zn concentrations only showed significant growth 
differences at the highest Zn concentration (1000 µg/L) (papers I and II – page 7). 
However, at 500 µg/L, cells showed 20% growth decrease compared to the control. 
The fluorescence per cell (paper I – Figure 1, page 7) didn’t show differences 
between Zn control and 30 µg/L, however increases were observed for cells 
exposed to higher concentrations of Zn (500 and 1000 µg/L) (Figure 5). Despite of 
fluorescence being directly related with pigments’ content (paper I- Figure 2), 
chlorophyll a didn’t show significant differences in Zn exposures compared to the 
control, however, at 1000 µg/L an increase was noticed. Also for chlorophyll c, a 2-
fold increase was observed at 1000 µg Zn/L. TFLO showed a decreasing trend in 
carotenoids content with the increase of Zn supplementation without significant 
differences.  
Zn was detected in the cells’ cytosol (control condition), since the growth medium 
contained 2.2 µg Zn/L (paper II – Figure 2, page 7). However, when growth medium 
was supplemented with Zn, the concentrations were 10-15 times higher. Intracellular 
Zn didn’t show significant differences in cells exposed to 30 and 500 µg/L. At 1000 
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µg/L, the intracellular Zn increased 50% compared with lower Zn concentrations (30 
and 500 µg/L) (Figure 5).  
TFLO showed a steady increase of proteins as Zn concentration increased with 
significant differences among all conditions tested, indicating an increase on the 
cellular metabolism energetically supported by higher ETS activity (mitochondrial 
electron transport chain) at higher Zn concentrations (paper II- Figure 4, page 8). 
The production of attached and non-attached EPS to the frustule showed that non-
attached represented less than 1% of total EPS in both cases, Zn and Cu (section 
4.2, paper III) exposures, therefore they were considered non-significant and not 
presented. Attached EPS increased at higher zinc concentrations, especially at 
1000 µg/L (22-fold) (papers II – Figure 4, page 8).   
Frustulins’ synthesis didn’t change significantly among the control and the two lower 
Zn, but significant increases were noticed at 1000 µg Zn/L, compared with the 
remaining conditions (papers II– Figure 4, page 8).  
 
4.1.2 Biochemical response: Antioxidant and biotransformation (paper II) 
 
SOD and CAT activities (paper II – Figure 5, page 9) presented similar trends, 
increasing with Zn concentration. The activity of both enzymes at the highest Zn 
concentration specially increased when compared to the control. GSTs activity only 
increased significantly for 1000 µg/L condition (paper II – Figure 5, page 9). Zn 
exposure didn’t induce the synthesis of glutathione (GSH) at the lowest Zn 
concentrations (30 and 500 µg/L), but the level of oxidation (GSSG) differed 
between exposed (30 and 500 µg/L) and non-exposed cells. At the highest Zn 
concentration, increases were observed for both GSH and GSSG compared with 
the remaining conditions (paper II – Figure 5, page 9).  
4.1.3 TFLO cell damage (Teratological forms, LPO and PC) (papers I, II and IV) 
Teratological forms on the valve outline, type 1 (Falasco et al., 2009a) were divided 
in three levels of severity: Deformed – D; Highly Deformed – HD; and Extremely 
Deformed – ED for both Zn and Cu (Figure 3). The percentage of total teratological 
forms caused by Zn increased significantly at 500 and 1000 µg Zn/L, compared to 
the control, with the special contribution of deformed and extremely deformed 
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shapes (paper I – Figure 3 and 4, page 9, 10). TFLO teratological forms in response 
do Zn are mainly characterized by the loss of bilateral symmetry, both on the apical 
and transapical planes (Figure 4). Although not evaluated abnormal striae patterns 
were observed in Zn experiments.  
 
 
 
 
 Figure 3- Tabellaria flocculosa normal valve shape – 1, 2; teratological forms - levels of severity – 3 - 
6: Deformed – D; Highly Deformed – HD; and Extremely Deformed – ED, scale bar 10 µm. 
Figure 4 - Tabellaria flocculosa deformed valves resulting from Zn exposure. A) Control. B) 30 µg Zn/L; C) 
500 µg Zn/L; D) 1000 µg Zn/L 
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Figure 3 -  Tabellaria flocculosa physiological, biochemical and metabolomic responses to Zn. The colours blue, orange and grey in the arrows represent the response at 30, 
500 and 1000 µg Zn/L respectively. The arrow direction “up” indicates an increase and “down” a decrease in the parameter evaluated. The size of the arrow is indicative of 
the magnitude of the variations, i.e., higher or smaller increases/decreases and all the parameters were compared to the control. 
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Cell damage resulting from oxidative stress caused by Zn was evaluated by LPO 
(membrane damage) and by PC (protein carbonylation) (paper II – Figure 3, page 
8). Lipid peroxidation tends to increase as cells are exposed to increasing Zn 
concentrations. At higher Zn concentrations (500 and 1000 µg Zn/L), LPO levels are 
significantly higher compared to the control.  Protein carbonylation followed the LPO 
trend, however, the more expressive increases were only observed at 1000 µg Zn/L.   
 
4.1.4 Metabolomic response (paper II) 
Metabolomics’ analysis was able to separate 123 compounds (paper II, 
supplementary table 2S), but only 90 compounds showed statistical significant 
differences and were further analysed (paper II- Figure 7 and 8, pages 12, 13). 
The sum of peak areas in each condition didn’t show differences between 0 and 30, 
however significant increases were shown at higher concentrations (500 and 1000 
µg Zn/L), supporting the results from biochemical analysis, where an increase on 
the TFLO cellular metabolism, mainly at 1000 µg Zn/L was shown.  
From the 90 compounds showing differences between treatments, 11 were not 
considered for the analysis of chemical families since their identification was not 
possible. The remaining 79 were divided by chemical families. Lipids, N-compounds 
(75% amino acids) and terpenoids were the most representative families. For each 
Zn condition, the most biologically relevant compounds were compared to the 
control. 
The total peak area of lipids increased steadily with Zn concentrations. Several 
types of lipids (saturated, unsaturated, cyclic, branched and glycerol lipids) were 
identified. All fatty acids (FA) displayed a similar variation trend, with a slight 
increase or decrease at 30 µg/L, and higher increases at 500 and 1000 µg/L 
compared to the control.  
The total peak areas of N-compounds also increased as Zn concentration 
increased. Considering the polar amino acids, Alanine displayed the highest 
variations for all tested Zn concentrations. 
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The total peak area of sugar related compounds also increased as Zn 
concentrations increased. Sucrose decreased for all Zn concentrations compared 
to the control. 
The total peak area of terpenoids also followed Zn concentrations, a modest 
increase at 30 µg/L and a 3-fold increase at 500 and 1000 µg/L. Phytol, a natural 
linear diterpene alcohol, evidenced identical variation.  
Some compounds identified did not belong to the chemical families presented. The 
overall trend of the peak areas of these compounds is to decrease as Zn 
concentrations increase. For inorganic phosphate, a slight decrease is observed at 
30 µg/L, but increases were observed for 500 and 1000 µg/L. Lumichrome 
evidenced a distinct trend, with peak areas decreasing as Zn concentrations 
increased, especially, at 1000 µg/L. 
4.2 TFLO response to Cu contamination 
4.2.1 Physiological response (growth; fluorescence; pigments content: Chl a, 
Chl c and carotenoids; intracellular Zn concentration; protein, frustulins and EPS 
production; ETS activity) (papers I, III and IV) 
The exposure to low Cu concentrations (0.3 µg/L) induced a 25% growth decrease 
compared to the control being only significant at the highest concentrations (6 and 
10 µg/L), with approximately 50% and 70% of growth inhibition, respectively (papers 
I and III, page 7).   
Cu exposure didn’t induce differences in cell fluorescence (paper I - Figure 1, page 
7) (Figure 7). However, chlorophyll a content increased in all the Cu concentrations 
(0.3, 6 and 10 µg/L) compared to the control. The exposure to Cu induced more 
expressive differences in TFLO pigments content than the Zn exposure (paper I - 
Figure 2, page 8). Chlorophyll c showed a steady increase with the increase of Cu 
concentrations (R2=0.91) with a linear response, thus could be considered as a good 
marker of Cu contamination.  TFLO carotenoids content showed a significant 
decrease at 10 µg/L compared to the remaining Cu conditions.  
In the cytosol, Cu was under detection limit (<0.04 µg/L) for control (0) and 0.3 µg/L 
conditions, despite the growth medium containing Cu concentrations above 1 µg/L 
(paper III- Figure 2, page 8). However, when growth medium was supplemented 
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with 6 or 10 µg /L the intracellular Cu increased. The concentration of intracellular 
metals is dependent of the medium concentrations, but the relation is not linear, thus 
supporting the existence of control of Cu transport and extracellular metal 
immobilization mechanisms, as frustulins and EPS. 
The exposure to Cu didn’t induce significant differences on protein production, but 
an increase at 6 µg/L was noticed (paper III- Figure 4, page 9). Despite this result, 
ETS activity was higher at higher Cu concentrations (6 and 10 µg Cu/L), evidencing 
the increase of cellular metabolism at higher metal concentrations (paper III -  figure 
4, page 9).  
Attached EPS increased for all Cu exposures compared to the control, the highest 
increase was observed at 10 µg/L (33 to 98-fold). Frustulins’ synthesis didn’t change 
significantly among the control and the two lower Cu concentrations, but significant 
increases were noticed at 10 µg Cu/L, compared with the remaining conditions 
(paper III- Figure 4, page 9).  
 
4.2.2 Biochemical response: Antioxidant and biotransformation (paper III) 
 
Variation of SOD activity was similar to proteins with highest values recorded at 6 
µg/L (paper III- Figure 5, page 10). CAT activity increased with the increasing of Cu 
concentrations. However, a 2 to 3-fold increase separates the lowest Cu (0 and 0.3 
µg/L) from the highest (6 and 10 µg/L) concentrations. GSTs activity 
(biotransformation response) also showed and increasing trend as Cu 
concentrations were higher, with significant differences at 6 and 10 µg/L. 
Glutathione (GSH e GSSG) was induced by Cu with significant increases at higher 
Cu concentrations compared to the control and 0.3 µg/L. 
 
4.2.3 TFLO cell damage (Teratological forms, LPO and PC) (papers I, III and IV) 
As described in section 4.1.2, teratological forms type 1 (Falasco et al., 2009a) were 
divided in three levels of severity ( c.f. Figure 3).  Cu concentrations (0.3, 6, 10 µg/L) 
induced a significant increase of teratological forms than the observed in the control, 
4%, 6% and 4% increases at 0.3, 6, 10 µg/L, respectively. The highest percentage 
of deformed valves was counted at 6 µg Cu/L.  In Cu exposure, TFLO symmetry 
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was also affected (Figure 6). Although not evaluated abnormal striae patterns were 
observed in Cu experiments (paper I – Figure 5, page 10). 
 
At Cu 0.3, 6, 10 µg/L, LPO levels were significantly higher compared to the control, 
increasing with increasing Cu concentrations.  Protein Carbonylation followed the 
LPO trend, however, the more expressive increases were shown at 6 and 10 µg 
Cu/L (paper III – figure 3, page 9).   
 
 
4.2.4 Metabolomic response (paper III) 
 
Metabolomics’ analysis was able to separate 123 compounds (paper III, 
supplementary table 2S), but only 102 compounds for Cu exposure were statistically 
significant and further analysed (paper III – Figure 7 and 8, pages 13, 14).  
From the 102 compounds showing differences between conditions, 13 were not 
considered for the analysis of chemical families since their identification was not 
possible. The remaining 89 were divided by chemical families.  Lipids, N-compounds 
and terpenoids were the most representative families. For each condition, the 
 
Figure 4 -  Tabellaria flocculosa deformed 
valves resulting from Cu exposure. A) Control. 
B) 0.3 µg Cu/L; C) 6 µg Cu/L; D) 10 µg Cu/L 
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variation at each Cu concentration compared to the control of the most biologically 
relevant compounds was presented (paper III, Figure 8, page 14). 
The total peak of lipids increased steadily with Cu concentrations. The differences 
between total peak areas were not significant between 6 and 10 µg/L, but these two 
conditions had significant higher lipid areas than lower Cu concentration.  At 10 µg/L, 
unsaturated lipids decreased compared with the saturated lipids. The lipid 
compounds presented are fatty acids (FA) which displayed a variation trends  
increasing the total area at 0.3 and 6 µg/L, while others showed a decrease at 10 
µg/L. These are generally unsaturated lipids, the other, mostly saturated lipids,  
increased with Cu exposure especially at 6 and 10 µg/L. 
The total peak areas of N-compounds were similar between 0 and 0.3 µg/L, 
increased at 6 µg/L and decreased at 10 µg/L. About 58% of the N-compounds 
showing variations were amino acids. All the amino acids presented a maximum 
area at 6 µg/L and some decreased to values below the control, from 6 to 10 µg 
Cu/L.  Serine was the only amino acid increasing for all Cu exposures compared to 
the control. The non-amino acid N-compound, hydroxylamine decreased at all Cu 
exposures with a steady decrease along increasing Cu concentrations.    
The total peak area of sugar related compounds showed an increasing trend with 
Cu concentrations. However, in this group distinctive variations were observed. 
Exposure to Cu increased glycerol compared to the control. 
Terpenoids’ total peak area followed a similar trend of N-compounds. The most 
abundant terpenoids (highest peak areas) were diterpenoids, all showing small 
increases at 0.3 µg/L (2-fold) and a 5 to 26-fold increase at 6 and 10 µg/L compared 
to the control. Phytol, a linear terpenoid component of chlorophylls, increased at 0.3 
and 6 µg/L in relation to the control but showed a small decrease at 10 µg/L.  
Some identified compounds that didn’t belong to any of the mentioned chemical 
families. The overall trend of the peak areas of these compounds was similar to N-
compounds and terpenoids.  
 
 25 
 
Figure 5- Physiological, biochemical and metabolomic responses to different Cu concentrations. The colours blue, orange and grey in the arrows represent the response at 0.3, 
6 and 10 µg Cu/L, respectively. The arrow direction “up” indicates an increase and “down” a decrease in the parameter evaluated. The size of the arrow is indicative of the 
magnitude of the variations, i.e., higher or smaller increases/decreases and all the parameters were compared to control. 
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4.3 Discussion 
Are pigment content and chlorophyll fluorescence and diatom valve deformities 
enough as markers of metal contamination? And how specific can they be? 
 
The results of TFLO pigments’ analysis showed that Zn is not affecting the 
photosynthetic process not showing major alterations in pigment content, apart from 
Chl c increase at 1000 µg/L. In other studies, Zn has induced decreases in 
fluorescence (e. g. Corcoll et al., 2012a, 2011). This wasn’t observed in our study 
which might be linked to the adaptation of TFLO (isolated from mining areas) to high 
Zn concentrations or with the short exposure time (Corcoll et al., 2011). However, 
fluorescence varied per cell. Contrarily to Zn, Cu didn’t induce differences on 
fluorescence but it induced differences on the different pigments with a general 
increase of Chl a and c and a decrease on carotenoids content at 10 µg/L. In our 
study, Chl c played a linear response (R2=0.91) to Cu exposure, and can be used 
as a marker of Cu stress level and of high Zn stress therefore we suggest that future 
metal assessment studies in diatoms give more attention to Chl c content, especially 
for Cu contamination in studies (laboratory or field) about Cu.   
Carotenoids (e.g. fucoxanthin, diatoxanthin) are not only important due to their 
accessory pigment functions but also due to antioxidant properties (preventing ROS 
damage in cells). Carotenoids’ content gives an idea of the degradation state of 
chlorophylls and thus of the photosynthetic capacity state (Arini et al., 2012; Bonet 
et al., 2012b). For example, xanthophylls’ cycle uses the excess of energy to avoid 
photoinhibition produced by high light irradiances or contaminant effects that could 
potentially block light-dependent photosynthesis reactions, functioning as a light-
harvesting complex (Corcoll et al., 2012c). Corcoll et al. (2012) concluded that the 
use of pigment analysis, namely xanthophylls, were suitable to detect the short-term 
effects of low to moderate metal pollution. However, carotenoids’ analysis in this 
study wasn’t sensitive enough to distinguish metal concentration. 
Valve deformations are not always a response to metals, they are naturally present 
in biofilm community (Morin 2008), however in metal presence, valve deformed cells 
tend to increase. According to Cattaneo et al. (2004) cell size reduction appears to 
be a general response to elevated metal concentrations, whereas valve distortions 
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are associated in particular to Cu. The morphological changes presented in this 
study are in agreement with the review of Falasco et al. (2009), Zn and Cu causing 
teratologies mostly in the valve outline, in extremely deformed levels.  
Would these physiological results be enough to demonstrate that Zn and Cu have 
effects on TFLO at low and medium Zn or Cu contaminated environments? Would 
we know if a site is contaminated by Zn or Cu? From the previous results, we can 
conclude that fluorescence is varying with Zn exposure and Chl c is a good indicator 
for Cu contamination.  
At low Zn concentrations (30 µg/L) TFLO did not evidence significant alterations in 
growth or in physiological parameters evaluated in our study, compared to the 
control.  Stauber and Florence (1990) also reported that at Zn concentrations below 
500 µg/L, only slight effects were noticed in cell division rate, respiration and 
photosynthesis of the marine diatom N. closterium.  
However, biochemical and metabolomic analysis allowed us to go further and 
showed cellular alterations at different stress and toxicity levels, from each metal, 
validating all our hypotheses. 
Biochemistry analysis did not show many alterations allowing to distinguish the 
different response between Zn and Cu, however when combined with metabolomic 
results, it was shown different strategies for each metal, which are described and 
further discussed in the manuscript. 
Extracellular chelation mechanisms (EPS and frustulins) were only activated at 500 
and 1000 µg Zn/L, explaining the maintenance of the intracellular Zn concentrations 
at 500 µg Zn/L, compared to lower Zn concentration. On the other hand, Cu 
exposure showed that EPS production was the only biochemical parameter 
significantly increasing at low Cu concentrations (0.3 µg/L). At 6 µg Cu/L both EPS 
and frustulins, showed an increasing trend, but it was at 10 µg Cu/L that a significant 
increase was observed.  Generally, the EPS presence reduces metal toxicity, due 
to extracellular metal complexation (Koukal et al., 2003; Wilde et al., 2006). 
Additionally, Frustulins  were  described to sequester extracellularly metal ions 
(Santos et al., 2013). Both mechanisms have been described in other studies as a 
mechanism for metal tolerance which were also activated for Zn exposure n N. 
closterium (at 100 and 200 µg Zn/L) (Stauber et al., 1990). Florence et al., (1983) 
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reported the increase of EPS production in the marine diatom Nitzschia closterium 
in response to Cu increasing concentrations. The excretion of protective 
extracellular products, as polysaccharides, by biofilms seem to be responsible for 
reducing the sensitivity to Cu exposure (Admiraal et al., 1999; Real et al., 2003; 
Sabatini et al., 2009). In our study, EPS and frustulins’ activation in TFLO appears 
as a tolerance strategy to decrease the entrance of Zn and Cu into the cells, 
protecting them especially at high metal concentrations. 
 
ROS scavenging mechanisms were activated at 30 and 500 µg Zn/L with global 
enzymatic response. Proteins increased showing that cells are adjusting to higher 
intracellular Zn concentrations (i.e. increase of SOD and CAT activity and a slight 
increase of ETS activity and glutathione content). These results evidenced that cells 
were suffering mild oxidative stress at 30 µg Zn/L, which is effectively abrogated 
since damage (LPO and PC) presented small but not significant increases 
comparing to the control. However, oxidative stress is not alleviated so efficiently at 
500 µg/L, with LPO and PC presenting significant increases compared to lower Zn 
concentrations. At 1000 µg/L the major alterations occurred with a high increase of 
most parameters, evidencing the cell effort to hold the increase of oxidative stress 
generated by the higher intracellular Zn concentration. All together these changes 
were not sufficient to avoid oxidative damage, as LPO and PC increased steadily.  
In Cu exposure, ROS scavenging mechanisms were not activated at 0.3 µg Cu/L 
and although, Cu was not detected intracellularly oxidative stress was higher than 
in the control and significant membrane damage (LPO increase) was observed. The 
activation of these mechanisms (SOD, CAT, GSTs, glutathione) at 6 µg Cu/L was 
sufficient to maintain similar levels of LPO compared to 0.3 µg/L. The GSTs activity 
can help to mitigate the effects of LPO products in cells. Higher glutathione 
concentrations allow higher efficiency of cytosolic metal complexation and higher 
availability of substrate for the GSTs transformation of aldehydes into less toxic 
compounds, reducing metal deleterious effects and contributing for this species’ 
tolerance (Cardoso et al, submitted 2017).  
The effort to synthesize proteins was supported by the increase of amino acids 
showed by the metabolomics’ analysis. At 10 µg/L, CAT activity was maintained but 
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SOD was severely inhibited, evidencing the higher vulnerability of SOD to oxidative 
stress. Previous studies using biochemical approaches to assess Cu toxicity also 
showed a general increase of antioxidant activity and LPO levels (Mallick, 2004; 
Rijstenbil et al., 1994). 
 
Metabolomic analysis of TFLO showed a general increase of proteins (amino acids), 
antioxidant (terpenoids) and energy (lipids and sugars) metabolism (increase of total 
peak areas) at both Zn and Cu exposure.  
Storage lipids, inorganic phosphate (Zn exposure) and glycerol (Cu exposure), were 
mobilized as main sources of energy production. Their oxidation constitutes an 
efficient way to provide the energy needed to trigger mechanisms conferring 
tolerance to high Zn and Cu concentrations. Moreover, it seems to be an effort to 
sustain and increase the synthesis of proteins (amino acids) and of chlorophylls as 
indicated by the increase of phytol (component of chlorophyll). However, at the high 
Cu concentrations, glutamine can be also deaminated to glutamate and further to 
glutaric acid for energy production in Krebs cycle explaining the increase in glutaric 
acid, observed in our work at higher Cu concentrations.  Alterations on the metabolic 
pathways of compounds’ synthesis, enzymes’ activity or extracellular metal ions 
immobilization are processes that require energy, thus it is not surprising that at high 
Cu concentration TFLO cells increased significantly the oxidation of organic 
compounds (ETS) to supply the energy demand. 
Phytol also feeds the biosynthesis of tocopherols, which are well known lipid 
antioxidants and are able to protect membranes from peroxidation (Mach, 2015), 
this was observed for both Zn and Cu exposition. Additionally, at high Cu 
concentrations, the decreases of amino acids Valine and Arginine can be feeding 
the biosynthesis of secondary metabolites as terpenoids (Hildebrandt et al., 2015) 
to increase the antioxidant power of TFLO cells. Diterpenoids, some of which have 
presenting antioxidant properties (Ayyad et al., 2011; Foti et al., 1994; Kabouche et 
al., 2007), increased as Zn and especially Cu concentrations increased and thus 
being excellent candidates to mark Cu exposure. Due to their lipophilic nature, 
diterpenoids may be able to protect membranes from peroxidation and render cells 
more tolerant to Cu toxicity and showing to be excellent markers of Cu exposure.  
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At 0.3 µg Cu/L, the increase in the metabolites was only significant for lipids and 
evidencing lipids as the most sensitive metabolites to low Cu stress.  Real et al. 
(2003), used concentrations of 44 µg Cu/L also reported that lipid content of the 
biofilm increased, in agreement with our study and evidencing lipids’ importance in 
Cu toxicity. At higher Cu stress, our results showed that TFLO  lipids’ unsaturation 
degree decreased, decreasing membrane fluidity, but also rendering membrane 
more tolerant to oxidation and thus allowing the preservation of membrane integrity 
under oxidative conditions (Upchurch, 2008), this was not observed in Zn exposure. 
The increase in the content of docosahexaenoic acid (DHA) and decrease of 
hexadecanoic acid (palmitic acid) which are the most and the least susceptible to 
oxidation, respectively (Richard et al., 2008), were observed in our study and 
support that Cu induces a mechanism preserving membrane integrity. 
Eicosapentanoic acid (EPA) is an effective O2− scavenger and increased at high Cu 
concentrations compared to the control.  Both, EPA and DHA, where described to 
scavenge ROS (Richard et al., 2008),  and may indicate the attempt of TFLO cells 
to control lipid peroxidation and decrease the vulnerability to Cu toxicity (Juttner, 
2001; Yongmanitchai and Ward, 1991).   
At high Zn and Cu stress, lipid peroxidation products are toxic to cells, interfering 
with molecules such as proteins (PC) and inactivating enzymes (SOD at 10 µg Cu/L) 
(Birben et al., 2012). These products are converted in less toxic compounds, such 
as the alcohol 1- Hexadecanol by biotransformation enzymes, such as GSTs to 
minimize damage.  
Lumichrome has been described to influence many cellular processes (Gouws, 
2009). The decrease of this metabolite observed in Zn exposure, but without 
significant variances in Cu exposure, supports that TFLO possessed different 
strategies to cope with these metals. Lumichrome was reported to decrease the 
activity of antioxidant (SOD, GPX and DHAR) and glycolytic enzymes (GAPDH) 
(Gouws, 2009; Gouws et al., 2012). The increase in glycolysis, originated by lower 
lumichrome levels, can feed the TCA cycle and the electron transport chain (as 
shown in our study by the increase in ETS activity) providing also energy for cells to 
combat the oxidative stress generated by high concentrations of Zn, such as the 
antioxidant response. Thus, the increase of SOD activity in all Zn exposures, 
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observed in our study, was consistent with the decrease in lumichrome. Thus, this 
seems to be a mechanism only activated in Zn contamination and not induced by 
Cu contamination. 
Hydroxylamine (an analogue of hydroxyproline) is a constituent of a fibrous protein 
in the diatom silicified wall (Round et al., 1990). Its decrease in Cu exposure may 
be thus related to alterations in the frustule, such as teratologies. In a previous study, 
exposure to Cd affected the silicate ordering during frustule synthesis, probably by 
interfering with frustule peptides involved with diatom biosilification  (Heredia et al., 
2012). This compound did not show significant variances in Zn exposure which 
might explain the less number of teratological forms presented and which also 
indicates that valve malformation production is a complex process and should be 
dependent of several factors. 
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Chapter 5 – Conclusions  
and future research 
 
The results of this study showed that assessing Zn and Cu stress in diatoms by 
using only common physiological parameters, may underestimate the effects of 
these two metals. Furthermore, our study showed that a multidimensional approach, 
not only better estimates the effects of metals but is also capable of unraveling 
specific markers for specific metals. 
The integrated analysis of TFLO responses to Zn and Cu exposure, at relevant 
concentrations for European freshwaters, was able to show differences of cellular 
response to these metals. This feature reminds us that each organism has its own 
tolerance mechanisms and at the community level responses have higher 
complexity. Therefore, this knowledge can make a significant contribution to design 
new studies and to evaluate the efficiency of these markers in unravelling Zn and 
Cu stress directly on the environment, contributing to develop new tools to establish 
appropriate regulatory guidelines and integrating methodologies to mitigate 
toxicants in Cu impacted environments. 
 
This study was a step in the line of research which aims to understand freshwater 
diatoms’ tolerance and life strategies, but also how diatoms be further used to 
monitor changes in the environment. Having in mind these results, the next step will 
be to develop a more environmental realistic study, first in the laboratory using a 
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mesocosmos approach but using at least more than one species and applying 
several stress factors, not only metals, to validate TFLO results and community 
levels. The second step and validation is to transpose it to in situ studies and 
hopefully to adapt it to monitoring programs. 
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Highlights: 
- At environmental European stream concentrations Zn and Cu showed toxic effects 
on TFLO; 
- Teratological forms were the best physiological markers for Zn high concentrations 
exposure 
- Chl a, Chl c (R2=0.91) and teratological forms marked different levels of Cu stress, 
Chl C was indeed a marker by excellence 
- In vivo observations might play an important in future ecotoxicology studies 
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Abstract: 
Metals, such as micronutrients as Zn and Cu, are one of the main anthropogenic pressures 
in the aquatic ecosystems and its effects on benthic freshwater diatoms are poorly 
understood. Diatoms are water quality indicators by excellence and are commonly used as 
indicator of organic pollution, mainly, however their potential as indicators species is 
unexplored when comes to metals contamination. The freshwater diatom Tabellaria 
flocculosa (TFLO), isolated from a Zn and Cu contaminated stream, was exposed to 30, 
500, 1000 µg Zn/L and 0.3, 6 and 10 µg Cu/L, and physiological parameters (growth, 
fluorescence, pigments content (Chl a, c, carotenoids) and teratological forms) were 
evaluated. At environmental European stream concentrations Zn and Cu showed toxic 
effects on TFLO. Toxic effects induced by Zn were only observed at high concentrations 
500 µg/L and specially 1000 µg/L, resulting in fluorescence changes, increase of Chl c and 
increase of teratological forms (with increase of severity from those). Cu exposure (from 
low to high concentrations), did induce several changes, not affecting fluorescence but 
affecting the content in Chl a and c (R2= 0.91 for Chl c) which had an increased, carotenoids 
content which decreased. Cu also increase the number of TFLO frustule deformations. 
Therefore, physiological parameters as Chl a, Chl c and teratogical forms, should take in 
consideration together when assessing Zn and Cu contamination in diatoms. This 
information can support the prediction of diatom behaviour in different Zn or Cu 
contamination levels, including highly impacted environments, such as mining scenarios, 
and may contribute to development and complete risk assessment strategies.  
Keywords: Zinc, Copper, physiological indicator, pigments, teratology 
 
1. Introduction: 
Important anthropogenic activities as mining, 
industry and agriculture release  contaminants 
in the environment, such as metals (Corcoll et 
al., 2012c; Millennium Ecosystem 
Assessment, 2005) and notwithstanding 
metals being one of the most notable stress 
factor in aquatic ecosystems, its cellular 
effects in organisms as algae, are not fully 
understood. Moreover, it is necessary to 
develop biological indicators and cellular 
markers that allow the recognition of metal 
contamination of aquatic environment and its 
recovery after restauration.  
Zn and Cu are two metals and essential 
micronutrients with important roles on cell 
functioning. Zn is a cofactor of several 
enzymes, such as carbonic anhydrase and 
rubisco (Hassler et al., 2005), 
carboxypeptidases, aminopeptidases and 
phospholipase C and in proteins with Zn finger 
domains (Godinho et al., 2014; Silva and 
Williams, 2001). On the other hand, Cu 
functions as a cofactor of metalloenzymes, 
such as the Cu/Zn Superoxide dismutase 
(SOD) and a component of photosynthesis 
and electron carrier plastocyanin (Borowitzka 
et al., 2016; Festa and Thiele, 2011; Jamers 
et al., 2013b; Peers and Price, 2006). 
Above physiological concentrations these 
metals (Zn and Cu) are toxic to cells (Chen et 
al., 2013; Corcoll et al., 2012c). In general, 
metals toxicity in algae is also associated with 
photosynthesis inhibition and it is dependent 
of the bioavailable metal concentration, the 
species evaluated and the markers assessed 
(Corcoll i Cornet, 2012; Mallick and Mohn, 
2000). Zn and Cu may disturb cell 
metabolism, impacting chlorophyll and 
inhibiting cell division thus, being considered 
a growth inhibitors (Filippis et al., 1981; 
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Jamers et al., 2013a; Pawlik-Skowrońska, 
2003, 2001; Stauber et al., 1990).  
In European stream water, mean Zn 
concentrations vary from µg to mg per litter 
(Salminen et al., 2005), mining being the main 
source of Zn in the environment (Aschberger 
et al., 2010). Countries as Sweden, Portugal, 
Canada or U.S.A have included Zn in the 
priority substances’ list (APA, 2016; ATSDR, 
2014; CEPA, 1999; HVMFS, 2016).  In 
Sweden, concentrations of bioavailable Zn 
above the range 5.5-20 µg/L are considered 
“not good ecological status” (HVMFS, 2016). 
On the other hand, mean Cu concentrations 
are much lower varying between 0.23 µg/L to 
14.6 µg/L (Salminen et al., 2005). However, in 
highly polluted sites such as mining areas, the 
concentrations may reach the mg/L range 
(Larson, 2010). In Sweden, concentrations 
above  12 µg/L are considered “less than good 
ecological status” (HVMFS, 2016). In 
Portugal, Cu concentrations above 7.8 µg/L 
are considered “not good ecological status” 
(APA, 2016). 
Studying the metal impacts on biofilm 
communities constitutes an opportunity to 
understand its effects in constantly impacted 
environments but also to find markers that 
could be used as specific early warning tools 
(Arini et al., 2012; S. Morin et al., 2008). 
Understanding changes the organisms 
undergo when exposed to a certain 
contaminant is a step forward to comprehend 
and unravel the process of species tolerance 
establishment in contaminated ecosystems.  
Additionally, finding specific markers that 
indicate these changes in the organisms and 
that could be use as early warning tools in 
aquatic health monitoring and prevention 
programs. 
Due to its short life cycle and consequential 
fast response to environmental changes, its 
sensitivity to different stress factors and the 
siliceous frustules preservation (Chen et al., 
2013; Morin et al., 2012; Rimet, 2012), 
diatoms became water quality bio-indicators 
by excellence (BQE- biological quality 
elements) (Hering et al., 2006). They often 
represent the major autotrophic proportion of 
biofilms (Corcoll et al., 2012c). Based on this 
diverse and widespread group of algae, its 
species richness, taxonomic composition and 
shifts, several taxonomic indices were 
developed and are now commonly use to 
classify water bodies to eutrophication and 
organic pollution used in WFD (Cemagref, 
1982; Corcoll et al., 2012c; Kelly et al., 2009, 
2012).  
Diatoms silicified wall can produce deformed 
forms, teratologies, under diverse 
environmental stress such as metal, however 
without a direct correlation until now 
(Cantonati et al., 2014). Valve deformations 
were registered the first time in 1890 by Cox 
(Cattaneo et al., 2004). Since this, many 
research lines aiming to develop a diatom-
based monitoring tool to assess metal 
contamination in streams were made (Corcoll 
et al., 2012c; Lavoie et al., 2017, 2012; Morin 
et al., 2012). Cell size reduction and 
teratological forms were associated, in 
particular, with high concentration of trace 
metals as Cu and Zn (Falasco et al., 2009a; 
Lavoie et al., 2012; S. Morin et al., 2008; 
Soizic Morin et al., 2008). Rimet (2012) 
identified two main problems to develop a 
diatom-based monitoring tool: the small 
number of ecotoxicological studies and their 
restricted coverage area (Rimet, 2012).  
Several authors agreed that diatom 
morphology alterations has unexplored 
potential and could be used for monitoring 
environmental stress in the future (Cattaneo et 
al., 2004; Rimet, 2012; Smol and Stoermer, 
2010). In fact, Riato et al (in press) was able 
to develop a diatom-based multimetric index 
sensitive to permanent mining impaired 
wetlands in the Mpumalanga Highveld region 
(Africa), the metrics developed may be 
suitable for regional management. However, 
aside from metals many other stress factors 
can be link to production of diatom 
teratological valves (Arini et al., 2012; Falasco 
et al., 2009a, 2009b). Thus, these 
physiological approaches should be 
complemented with specific markers in order 
to assess accurately metal stress in early 
stage (Corcoll et al., 2011; Luis et al., 2013).    
The effects of Zn and Cu in algae including 
diatoms were evaluated several times 
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especially marine species (Admiraal et al., 
1999; Contreras et al., 2005; Debelius et al., 
2009; Florence et al., 1983; Hassler et al., 
2005; Mallick, 2004; Nielsen and Wium-
Andersen, 1970; Paulsson et al., 2002; 
Rijstenbil et al., 1994; Ritter et al., 2008, 2010; 
Stauber and Florence, 1987; Torres et al., 
2008) and fewer in freshwater species 
(Jamers et al., 2013a; Knauert and Knauer, 
2008; Nielsen and Wium-Andersen, 1970; 
Pandey and Bergey, 2016; Tripathi et al., 
2006). These studies focused mainly in 
measure physiological parameters as growth, 
chlorophyll-a fluorescence, pigments content 
and, when including diatom, frustule 
deformations. However, they unsuccessful in 
merging the information of these parameters 
together or they are simply not specific 
enough to distinguish the response at diatom 
level (Cantonati et al., 2014; Luis et al., 2013). 
For example, Luis et al. (2013) studied 
photosynthetic activity on benthic diatom 
communities of mine impacted sites and 
concluded that despite these physiological 
parameters could be used as end point for 
early toxicity or acute exposure, they do not 
take in account community adaptation 
(tolerant species) and thus, these markers 
were not enough to distinguish a diatom 
response in mining sites.  
Bringing together the use of deformities for 
metal contamination monitoring combined 
with physiological parameters and other more 
specific markers for metal stress is an 
important step for biofilms ecotoxicology 
(Gonçalves et al. a,b submitted). This 
knowledge can help limnologists to better 
understand diatoms, and biofilms in general, 
response to metals at an early stage and, 
thus, help creating and improving 
environmental guides not only to prevent 
impairment but also to follow ecosystem 
recovery after restauration.  
The aim of this study was to evaluate the Zn 
and Cu excess effects and possible markers 
on physiological parameters as growth, 
fluorescence capacity, pigments content and 
deformities in freshwater benthic diatoms.  
Given the context presented, this study to 
explored the responses of the freshwater 
diatom Tabellaria flocculosa (Roth) Kutzing 
1844 (TFLO) to environmentally relevant Zn 
and Cu expositions, using a physiological 
approach. Experiments were carried out using 
TFLO isolated from a stream with 500 µg Zn/L 
and 6.2 µg Cu/L and pH 5.0 and exposing 
diatom cells to Zn concentrations representing 
medium (30 µg/L) to highly contaminated 
(1000 µg/L) environments. And Cu 
concentrations representing low (0.3 µg/L) to 
contaminated (10 µg/L) environments. 
 
2. Material & Methods:   
2.1 Region characterization, diatom isolation, 
cultivation and growth determination: 
Dalarna region,  in Sweden, is known for metal 
exploitation  (Larson, 2010).  The region 
contains old (approx. 1000 years) and new 
mines and an history of mine effluents 
draining on the surrounding waters (Larson, 
2010). According to the report from Dalarna’s 
Administration County Board (2010), in some 
river sites water Cu concentrations may be 
above 580 µg/L and 1000 µg/L for Zn, with the 
highest value registered of 1800 µg Cu/L and 
9300 µg Zn/L.  
The species used for this study, Tabellaria 
flocculosa,  was isolated from a stream in this 
region with 500 µg Zn/L, 6.2 µg Cu/L and 
water pH~5 (water parameters summarized in 
supplementary table 1S) (Larson, 2010). The 
isolation of a single cell was made by 
micropipette technique to agar plates 
(Andersen, 2005; Round et al., 1990) followed 
by transference to WC liquid medium (Guillard 
and Lorenzen, 1972). TFLO culture is now 
part of SLU diatom culture collection. 
The strain was pre-cultured in WC medium at 
pH 5, until exponential growth was reached. 
Cells at exponential growth were used for Zn 
or Cu experiments by transferring 
approximately 250 000 cells to new sterile 
flasks containing 250 ml of WC modified 
medium (1000 cells/ml), supplemented with 
different Zn or Cu concentrations. At the end 
of exposure time, 1 mL of each Erlenmeyer 
was preserved with Lugol’s solution for cell 
counting. Cell density was measured by direct 
counting in a Neubauer chamber using Nikon 
Eclipse 80i microscope.  
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The experiments were performed at 20 ± 2 °C 
with a 12 h/12 h light/dark cycle at 75 
μmol/m2/s in WC medium, with nominal Zn 
concentrations of 0, 30, 500 and 1000 µg/L 
(added as ZnSO4) or Cu concentrations of 0, 
0.3, 6 and 10 µg/L (added as CuSO4) during 
96h. The WC medium was modified by using 
just 1/10 of the EDTA/trace metal solution to 
ensure that the added zinc would be present 
mainly as free ions instead of chelated by 
EDTA (calculations done by Visual MINTEQ 
ver. 3.0). Cu concentration in WC medium 
alone (control) was 1 µg/L. Zn concentration 
in WC medium alone (control) was 2.2 µg/L. 
The concentrations of Zn and Cu exposure 
where chosen considering modelled values 
(Salminen et al., 2005), measured 
concentrations in the Swedish national 
monitoring system of reference sites (HVMFS, 
2016), measured concentrations in mining 
impacted areas and recommendations for 
threshold values for risk assessment of Zn 
and Cu (e.g. Larson 2010). Measured 
concentrations in the Swedish national 
monitoring system of reference sites are on 
average 0.5 µg Cu/L and below 10 µg Zn/L, 
values up to 3 µg Cu/L in non-impacted 
streams are not uncommon (HVMFS, 2016), 
which fits quite well with our nominal control 
concentration of Zn and Cu in the WC medium 
(2.2 µg Zn/L; 1 µg Cu/L). Zn concentration of 
30 µg/L was chosen as a moderate 
concentration, as occurs in Swedish rivers 
and lakes (Naturvårdsverket, 1999) and  is 
common in Zn hotspots of European streams  
(Salminen et al., 2005). In current Swedish 
legislation, 30 µg Zn/L is considered to 
indicate below good ecological quality of 
freshwater, indicating a risk for toxic effects 
due to Zn in freshwater organisms (European 
Union, 2010; HVMFS, 2016). According to 
Naturvårdsverket (1999), 500 µg Zn/L was 
considered a very high concentration for 
Swedish waters. However, 12% of all sites 
studied from Dalarna region have 
concentrations above 500 µg Zn/L. The 
selection of 1000 µg Zn/L as an extremely 
high concentration, was not meant to cause 
total growth inhibition of TFLO. Furthermore, 
1000 µg Zn/L is also the threshold 
concentration where all tested organisms 
showed toxic effects under Zn exposure 
(European Union, 2010). Cu concentration of 
0.3 µg/L was chosen as median concentration 
occurring in European streams, and 6 and 10 
µg Cu/L as concentrations commonly noted in 
metal contaminated streams  (Salminen et al., 
2005). Selection 10 µg Cu/L and not higher 
concentrations ensured still sufficient biomass 
for analyses, and not a total growth inhibition 
of TFLO.  
As stated above, such high values are 
observed in mining areas in Sweden (Larson, 
2010). 
 
2.2 Fluorescence 
Fluorescence was measured using a Tecan 
micro-plate reader (Tecan Infinite® M1000 
Microplate Reader, Tecan Trading AG, 
Switzerland) set with a 430 nm excitation and 
a 680 nm emission filter (Esteves et al., 2017). 
The fluorescence measured corresponds to 
photosystem II (PSII) chlorophyll-a emission 
(~683nm) after blue light excitation (Luis et al., 
2013; Simis et al., 2012). Results are 
presented in fluorescence per cell, calibration 
made based on light microscope direct 
counting in Neubauer chambers. 
 
2.3 Pigment content 
TFLO was grown in the conditions mentioned 
above in the presence of different Zn or Cu 
concentrations. Cells were harvested by 
centrifugation (5000 rpm, 15 min), cell pellets 
were resuspended in deionized water, 
vortexed and centrifuged again. The washing 
procedure was repeated two more times to 
ensure the removal of all the Zn or Cu from the 
culture medium. Pigments were extracted with 
1ml of 90% acetone from the pellet. The 
extract was protected from light and 
maintained in cold. To break the cells, 
samples on ice were sonicated for 20 s. The 
extract centrifuged at 4000×g for 10 min at 4 
◦C. Chlorophylls a and c and carotenoids were 
determined spectrophotometrically and the 
concentration calculated following the 
procedure of Jeffrey and Humphrey (1975). 
Results are presented in µg pigment per 
million cell (µg/M cells). 
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2.4 Diatom teratological forms -  treatment 
and identification 
TFLO cells were harvested and washed as 
described in section 2.3. The resulting pellet 
was treated by addition of H2O2 30% at room 
temperature for 24h followed by oven heating 
at 80-90ºC overnight, in order to eliminate the 
organic matter and to obtain clean diatom 
suspensions. Cooled samples were 
centrifuged (3500rpm, 15 min) and washed 
tree times in MQ-water. Permanent slides 
were mounted using the high refractive index 
(1.74) medium Naphrax ®. Using light 
microscopy 100x objective 400 valves were 
counted for each sample. 
 
2.5 Statistical analysis 
Hypothesis testing was performed by 
Permutation Multivariate Analysis of Variance 
(PERMANOVA)(Anderson et al., 2005). All 
data analysis was performed with the software 
PRIMERv6 (Clarke and Gorley, 2006)  with 
the add-on PERMANOVA+ (Anderson et al., 
2008). To run the PERMANOVA tests we 
considered 9999 Monte Carlo permutations 
and pairwise comparisons between Zn or Cu 
conditions. Our null hypothesis was: the 
increase of Zn or Cu concentration does not 
cause TFLO response. This hypothesis was 
tested for all parameters described in section 
2. Values of p ≤ 0.05 revealed that the groups 
differed significantly, indicated in figures by 
different lowercase letters. 
3. Results 
3.1 Growth  
TFLO exposed for 96h to different Zn 
concentrations only showed significant growth 
differences at the highest Zn concentration 
(1000 µg/L). However, at 500 µg/L, cells 
showed a 20% growth decrease compared to 
control (Figure 1A). 
Exposition to Cu induced significant growth 
differences only at the highest concentrations 
(6 and 10 µg/L), with approximately 50% and 
70% of growth inhibition, respectively. 
However, at 0.3 µg/L, cells show a 25% 
growth decreased compared to control (Figure 
1A). 
3.2 Fluorescence per cell 
The fluorescence per cell did not show 
differences between Zn control and 30 µg/L, 
however increases 3 to 7-fold were observed 
for cell exposed to Zn higher concentrations 
(500 and 1000 µg/L) (Figure 1B). Cu 
exposition did not induced differences in cell 
fluorescence (Figure 1B). 
3.3 Pigments 
Chlorophylls a did not show significant 
differences in Zn expositions compared to 
control, however, at 1000 µg/L an increase 
was noticed (Figure 2A). Chlorophyll c also 
increased (2-fold) significantly at 1000 µg/L 
(Figure 2B). An opposite trend was verified to 
carotenoids content, although not 
significative, a decrease is noticed with the 
increase of Zn supplementation (Figure 2C). 
The exposition to Cu induced more expressive 
differences in TFLO pigments content. 
Chlorophyll a content increased in all the Cu 
concentration 0.3, 6 and 10 µg/L compared to 
control, the highest value was measured at 6 
µg/L (Figure 2A). A steady increase of 
Chlorophyll c with the increase of Cu 
concentrations was shown with a 3-fold 
increase at 10 µg/L compared to control 
(Figure 2B). Carotenoids presented no 
significant differences at 0.3 and 6 µg/L 
compared to control, but a significant 
decrease at 10 µg/L compared to the 
remaining condition was shown (Figure 2C). 
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3.4 Teratological percentage 
Teratological forms type 1, valve outline 
deformation, were divided in three levels of 
severity: Deformed – D; Highly Deformed – 
HD; and Extremely Deformed – ED. Examples 
of these levels of severity are presented in 
Figure 3C. Zn total teratological forms 
percentage increase significantly at 500 and 
1000 µg Zn/L, compared to control, with the 
special contribution of deformed and 
extremely deformed shapes (Figure 3A). For 
both Zn and Cu, teratological forms where 
observed at control condition. Cu 
concentrations (0.3, 6, 10 µg/L) induced more 
teratological forms than the observed in 
control. At 6 µg Cu/L showed the highest 
percentage of deformed valves at all levels. In 
Cu exposition the proportion of valve 
deformities D:HD:ED was maintain for all 
treatments (Figure 3B). TFLO teratological 
forms in response do Zn are mainly of type 
one teratologies, with loss of double symmetry 
being the main characteristic (Figure 4). In Cu 
exposition case, TFLO symmetry was also the 
main characteristic affected.  
 
 
Figure 1 - A) - Growth of Tabellaria flocculosa (cells/mL) exposed for 96h to different Zn and Cu concentrations. 
Values are means (+ standard deviation) of 12 independent experiments. B) Fluorescence per cell from TFLO 
) exposed for 96h to different Zn and Cu concentrations. Lowercase letters indicate significant differences 
between Zn or Cu exposures p<0.05. 
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3.5 Living cells and additional observations 
 Cell size was evaluated in Zn and Cu 
exposition (unpublished data) but only on the 
valvar view (oxidized samples), showing no 
significant differences among the treatments. 
However, the alive observations suggest that 
the size can be varying not in the valve view 
but in girdle band view comparing metal 
exposition with control (example, Figure 6F). 
TFLO control condition showed regular 
squared forms when in girdle (Figure 6D, E), 
however for example at 500 µg Zn/L and at 10 
µg Cu/L () this regular shape was lost with one 
side presenting lower size (Figure 6G, L, M 
indicated by lines). At 1000 µg Zn/L larger 
cells are not looking healthy and, thus, not 
considered alive may be beyond the 
Figure 2 - Pigments content A)Chlorophyll a, B) Chlorophyll c, C) carotenoids (µg/M cells) in TFLO exposed 
for 96h to different Zn and Cu concentrations. Values are means (+ standard deviation) of independent 
experiments. Lowercase letters indicate significant differences between ZN or Cu exposures p<0.05. 
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explanation of fluorescence increase (Figure 
6H). At 10 µg Cu/L some differences in 
chloroplast format were observed (Figure 6L, 
M indicated by arrows). 
 
4. Discussion 
Despite their essential roles, Zn and Cu are 
contaminants of the aquatic ecosystems. 
These metals have been described as algae 
growth inhibitors by causing structural 
damages of the photosynthetic apparatus 
such as the ultra-structure of the thylakoid 
membrane and the pigments composition 
(Corcoll et al., 2011) . Our study supports this, 
at environmental European stream 
concentrations Zn and Cu did show toxic and 
growth inhibitor effects on TFLO.  
These toxic effects induced by Zn high 
concentrations, 500 µg/L and specially 1000 
µg/L, result in fluorescence changes, increase 
of Chl c and increase of teratological forms 
(with increase of severity from those).  
On the other side, Cu exposition (from low, 0.3 
µg/L to high 10 µg/L concentrations), did 
induce several changes at these different 
toxicity levels. Despite of fluorescence did not 
show changes, the content in Chl a and c (R2= 
0.91 for Chl c) increased with Cu, but 
carotenoids content decreased.   
The evaluation of physiological parameters as 
pigments content, specially Chl a and Chl a 
fluorescence, are commonly used to measure 
algal biomass and they have been also 
explored as markers for metal  contamination 
because they are supposed to reflect the 
damages caused by metals on the  
 
Figure 3- Teratological forms percentage of TFLO exposed for 96h to different Zn(A) and Cu (B) 
concentrations. Values are means (+ standard deviation) of independent experiments. Lowercase letters 
indicate significant differences between zinc exposures p<0.05. C) Definition of valve deformities level 1- 
normal outline shape; 2- girdle band view; 3- Deformed shape (D); 4,5- Highly Deformed outline (HD); 6- 
Extremely deformed outline (ED).  
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photosynthetic processes (Corcoll et al., 
2012a, 2011; Luis et al., 2013). 
Figure 4 - Tabellaria flocculosa deformed valves resulting from 
Zn exposure. A) Control. B) 30 µg Zn/L; C) 500 µg Zn/L; D) 
1000 µg Zn/L 
Figure 5 - Tabellaria flocculosa deformed valves 
resulting from Cu exposure. A) Control. B) 0.3 µg 
Cu/L; C) 6 µg Cu/L; D) 10 µg Cu/L 
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Figure 6 - A-C) SEM microscopy TFLO pictures; D-M) living observations of TFLO on Optical Microscope 
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However, pigments are affected by  the metal 
concentration and time of exposure, short-
term exposure and low concentrations might  
not induce alterations on these physiological 
parameters (Corcoll et al., 2011).  
At low concentrations of Zn (30 µg) TFLO 
didn’t evidence growth alterations or in any 
other parameters evaluated in this study, 
compared to the control. However, cellular 
analysis (biochemical and metabolomics) with 
TFLO exposed to Zn showed some cellular 
alterations at this concentration (Gonçalves et 
al. submited). Stauber and Florence (1990) 
also reported that at Zn concentrations below 
500 µg/L, only slight effects were noticed in 
cell division rate, respiration and 
photosynthesis of the marine diatom N. 
closterium. 
TFLO pigments analysis showed that Zn 
seems not be affecting the photosynthetic 
process, with the exception of Chl c at 1000 
µg/L. However,  Zn had induced differences 
(decreases) in Chl a fluorescence in other 
studies (e.g. Corcoll et al., 2012a, 2011), this 
result might be linked to the adaptation of 
TFLO (isolate from mining areas) to high 
metal concentrations or with the exposition 
time.   
Fluorescence measured in this study results 
from Chl a fluorescent emission on PSII and 
increased at 500 and 1000 µg Zn/L. These 
increases might have different explanations.  
First, seems to be an attempt of cells to 
improve the PS II efficiency for energy 
production need for cellular defence 
mechanism towards Zn (Gonçalves, et al 
submitted), by activating chlorophylls cycle, 
supported by the small increase in Chl a and 
the increase in Chl c, at 1000 µg Zn/L and also 
support by the increase of phytol (chlorophyll 
component) in another study using TFLO 
exposed to Zn. Second, Rashid et al. (1994) 
described Zn toxicity as interfering with the 
Ca2+ and Mn2+ biding on the oxidizing side of 
PSII and with the electron transport rate, this 
might be a reason for the variance on 
fluorescence. And last but not the least, 
fluorescence was measured in living cells right 
after the 96h exposure and at time a sample 
was save in lugols. However, the existence of 
cells that are not completely death but “in bad 
cellular status” (eg figure 6H), and whose 
plasts and PSs might be still working and 
emitting fluorescence but they were not 
considered alive at the counting. Moreover, 
Chl c that is not usually used to study metal 
monitoring contamination played an 
interesting roll in our study. Chl c transports 
and ensures the transport of electron to Chl a 
reactions, supporting that at 1000 µg Zn/L 
cells were trying to increase the source of 
electrons for Chl a.  Additionally, Chl c was 
capable of show a biomarker response for Cu, 
with linear response (R2=0.91), we suggest 
that future studies of metal assessing in 
diatoms use this parameter, especially for Cu 
exposure. 
Carotenoids only showed differences at 10 µg 
Cu/L, however, they play very important roles 
in diatoms. Not only due to its accessory 
pigment functions but also due to its 
antioxidant properties, preventing oxidative 
stress damages in cells or being directly 
correlated with the degradation state of Chl a 
(Arini et al., 2012; Bonet et al., 2012b). 
Xanthophylls (tipe of carotnoids) cycle 
functions as light-harvesting complex, using 
the energy excess produced by difference 
stress, such as high radiation light and 
contaminants to avoid photoinhibition 
(blockage of light-dependent photosynthesis 
reactions) (Corcoll et al., 2012a). Corcoll et al. 
(2012) concluded that the used of pigment as 
xanthophylls/carotenoids could detect short- 
term effects of low to moderate metal 
pollution. However, carotenoids analysis in 
this study (TFLO) was not sensitive enough to 
distinguish metal concentration, marking only 
the moderated stress observed at 10 µg Cu/L, 
with a decrease.  
Valve deformations are not only a response to 
metals, they naturally present in biofilm 
community (5%) (Morin et al., 2008). 
Morphological changes presented on this 
study are in agreement with Falasco et al. 
(2009), presenting differences mostly in the 
valve outline with loss of double symmetry for 
both metals. Furthermore, teratological forms 
were able of indicate effects cause by high 
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concentrations of Zn (500 and 1000 µg Zn/L) 
and Cu exposure.  
Several studies have not observed 
deformaties but instead cell size reduction in 
presence of Zn or Cu (Cantonati et al., 2014; 
Cattaneo et al., 2004). According to Cattaneo 
et al. (2004) cell size reduction appears to be 
a general response to elevated metal 
concentrations, whereas valve distortions are 
associated in particular to Cu. Indeed in our 
study, the teratological forms where higher in 
Cu exposure, however valve size did not show 
any significant differences.  
However, living cells observations take us to 
think that cell size was not varying at valvar 
view but at girdle band view. This takes to 
concluded that in the future in vivo 
observations can contribute to a better 
understanding of the paraments evaluated. 
Cells exposed to metal might be increasing 
the number of girdle bands, due to the 
increase of vacuoles size forcing chloroplast 
to the frustule edges. Cells tend to involve 
intracellular metal in vacuoles in order to 
minimize the metals toxicity. This could 
delayed TFLO cell division and would explain 
the lower teratological forms percentage at 10 
µg Cu/L. If cells divide less, they cannot 
reproduce many teratological forms as less 
that are dividing more. At this concentration, 
10 µg Cu/L, some alterations on the 
chloroplasts were also observed also 
observed by Debesnest et al (2008) when 
exposing diatom to herbicides. The question 
is who was deformed first? Deformed valves 
produce deformed chloroplasts or deformed 
chloroplast serve as model for frustule 
silification?  
An interesting review on what is known of 
diatom teratologies was been made by 
Lavoie, et al 2017. Teratological forms can be 
also related with disturbances on silicon 
uptake(Cattaneo et al., 2004). Fisher et al. 
(1981) proposed that Cu could bind to 
sulphydryl groups on diatom cell membrane 
reducing silica uptake and thus creating 
conditions of silica limitation. It is a fact that 
metals in general interact with sulphydryl 
group, thus other cell components as proteins 
can be damage. It is known that  a protein 
template is need for silicilic acid  
polymerazation to opaline silica, thus a 
disruption on this component could also 
produce abnormal frutules  (Debenest et al., 
2008; Fisher et al., 1981)either way, these 
morphological changes at diatom frustule 
reflect a consequence of metabolomic 
changes even in tolerant diatom species 
(Cattaneo et al., 2004) 
 
5. Conclusions 
Our study showed that Zn and Cu have 
important impacts on physiological 
parameters of freshwater benthic diatom 
TFLO. Cu was obviously much toxic than Zn, 
however at high concentrations Zn had also 
dramatic effects on TFLO, markers of both 
were observed. Physiological parameters that 
better marked Zn exposure were fluorescence 
and teratological forms percentages for 500 
and 1000 µg Zn/L, and Chl c at 1000 µg Zn/L. 
Based on this study at 30 µg Zn/L TFLO cells 
showed no effects. In Cu exposure case, 
almost all the physiological parameters 
showed a response at low Cu concentration 
(from 0.3 to 10 µg Cu/L), including Chl a, Chl 
c, teratological forms and for high Cu 
concentrations also carotenoids (10 µg Cu/L).  
Give the results presented, this study could 
unravel the physiological parameters which 
were affected by Zn and Cu. Thus, we suggest 
that physiological parameters as Chl a, Chl c 
and diatom teratologies are good markers for 
assessing Zn and Cu in diatoms and should 
be taken in account in monitoring programs.  
With this knowledge, new studies can be 
design in order to validate this results to 
diatom community in biofilms, for example. 
Moreover, these studies help to better 
understand the changes diatom undergo 
under Zn or Cu stress, which can contribute to 
development of risk assessment strategies.  
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Table S1- Water parameters from sampling site 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2015-10-27 
Site: Silvbergssjön, Dalarna, Sweden  
   
Water parameters Units  
Absorbance 420/5 A.U. 0.238 
pH 
 
5.3 
Temperature °C 22.2 
DOC mg/l 9 
Sodium, Na mg/l 1.6 
Potassium, K mg/l 0.37 
Calcium, Ca mg/l 2.8 
Magnesium, Mg mg/l 0.75 
Arsenic, As  mg/l 0.00026 
Lead, Pb  mg/l 0.017 
Cadmium, Cd  mg/l 0.0023 
Copper, Cu  mg/l 0.0062 
Chromium, Cr  mg/l 0.00022 
Mercury, Hg  µg/l < 0,0050 
Nickel, Ni  mg/l 0.00044 
Zinc Zn  mg/l 0.53 
Alkalinity mekv/l < 0,010 
 0 
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Highlights: 
- At high and environmental relevant concentrations Zn is toxic to Tabellaria flocculosa (TFLO) 
- Low Zn stress increases slight but significantly the antioxidant response.  
- Moderate stress induces a reconfiguration of TFLO metabolome. 
- High stress further induces the antioxidant response but cellular damage increases. 
- Possible specific Zn markers are pointed out.  
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Abstract: 
Freshwater ecosystems are under threatening anthropogenic pressures worldwide, namely by metals. Diatoms 
are used as water quality indicators, but the influence of micronutrients such as Zn and its impacts on diatoms 
are poorly understood. Our study aimed to elucidate the tolerance level, the cellular targets and the responses 
to counteract Zn toxicity of freshwater diatoms by exposing Tabellaria flocculosa (TFLO), isolated from a Zn 
contaminated stream, to 30, 500 and 1000 µg Zn/L. Biochemical, physiological and metabolomic approaches 
were used.  It was demonstrated that Zn is toxic to Tabellaria flocculosa at concentrations occurring in 
contaminated environments. The tolerance level, cellular targets, biochemical and metabolomic responses were 
evaluated. Distinct strategies to cope with Zn were shown. TFLO cells cope with intracellular high Zn 
concentrations by increasing antioxidant enzymes (SOD, CAT) and using low molecular weight antioxidants 
(GSH). These mechanisms are fuelled by a higher energy production (ETS activity). At the highest Zn 
concentration (1000 µg/L), these metabolic processes were specially enhanced in addition to extracellular 
immobilization in an attempt to restrain the oxidative stress generated by high intracellular Zn concentrations. 
However, these mechanisms were not able to protect cells and damage in membranes and proteins occurred. 
Moreover, the decrease in sucrose and especially lumichrome may be used as new specific markers of Zn 
toxicity. This information can support the prediction of diatom behaviour in highly impacted environments, such 
as mining scenarios, and may help develop new indices, taking into account species’ tolerance strategies and 
assist in environmental risk assessment policies. 
 
Keywords: zinc, diatoms, physiological indicators, metabolomics, tolerance strategies 
 
Introduction: 
Surface freshwaters are highly affected by 
anthropogenic pressures, which compromise 
their quality worldwide (Allan and Castillo, 
2007; Millennium Ecosystem Assessment, 
2005). Metals are one of the main 
environmental stressors, resulting from 
various sources such as mining and industry 
(Hogsden and Harding, 2012; Johnson and 
Hallberg, 2005). Metals’ persistence and 
potential to accumulate can have serious 
impacts on freshwater communities, as 
decreased density and biodiversity loss 
(Gottschalk, 2014; Lavoie et al., 2009).  
Using algae, and specially diatoms to assess 
water quality became a common practice 
(Koukal et al., 2007; OCDE, 1984; Rand, 
1995) including extreme areas like mines 
(Ferreira da Silva et al., 2009; Luís et al., 
2014, 2009).  
Most of the research evaluating metal effects 
has been devoted to nonessential toxic metals  
as Pb, As, Hg, or in most cases Cd, and their 
potential effects on aquatic systems (Barral-
Fraga et al., 2016; Branco et al., 2010; Luís et 
al., 2009; Sánchez-Marán et al., 2010; Sarker 
et al., 2016). Despite the extensive literature 
on biological effects of essential and less toxic 
metals, few studies had evaluated the 
intracellular effects of excessive Zn 
concentrations  (Admiraal et al., 1999; Hassler 
et al., 2005; Paulsson et al., 2002) and even 
less on freshwater benthic diatoms.  
Zn is an essential micronutrient with important 
cell functions. Zn is a cofactor of several 
enzymes, such as carbonic anhydrase and 
rubisco (Hassler et al., 2005), 
carboxypeptidases, aminopeptidases and 
phospholipase C and in proteins with Zn finger 
domains (Godinho et al., 2014; Silva and 
Williams, 2001).  However, Zn is a common 
contaminant  in surface freshwater, with no 
observed effect concentrations below  10 µg 
Zn/L  (Aschberger et al., 2010). Nonetheless, 
long-term effects have been reported on 
microbenthic communities for concentrations 
ranging from 0.05 to 2.5 mg Zn/L (Paulsson et 
al., 2000).  Zn may have toxic effects, 
disturbing metabolism, impacting chlorophyll  
and inhibiting cell division thus, being 
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considered a growth inhibitor (Filippis et al., 
1981; Pawlik-Skowrońska, 2003, 2001; 
Stauber et al., 1990).  
In European stream water, Zn concentrations 
vary from µg to mg per liter (Salminen et al., 
2005), mining being the main source of Zn in 
the environment (Aschberger et al., 2010). 
Countries as Sweden, Portugal, Canada or 
U.S.A have included Zn in the priority 
substances’ list (APA, 2016; ATSDR, 2014; 
CEPA, 1999; HVMFS, 2016).  In Sweden, 
concentrations of bioavailable Zn above the 
range 5.5-20 µg/L are considered “not good 
ecological status” (HVMFS, 2016). 
Therefore, the use of different approaches is 
needed for detecting and fully understanding 
the intracellular stress-caused by  metals 
(Soldo and Behra, 2000).  Several studies 
have arisen which assess the biochemical, 
physiological and Omics alterations caused by  
contamination in algae (Branco et al., 2010; 
Dyhrman et al., 2012; Jamers et al., 2009; 
Morelli and Scarano, 2001; Ernani Pinto et al., 
2003; Rijstenbil et al., 1994). These 
approaches enable a comprehensive view of 
the changes cells undergo and the 
mechanisms they resort when exposed to 
challenging conditions, such as metal stress 
(Branco et al., 2010; Jamers et al., 2009). 
Metabolite profiling analysis has focused on 
the identification of algae metabolites with 
economic value (Jamers et al., 2009). This 
approach is a powerful tool to characterize 
organisms’ cellular response to environmental 
stress stimuli, by identifying and quantifying 
changes in metabolites from cellular 
processes,  elucidating  the metabolic 
pathways involved in the response to a 
specific stress (Jamers et al., 2009).   
To our best knowledge, the targets of Zn 
toxicity and the mechanisms of freshwater 
diatoms to tolerate high Zn concentrations are 
far from being understood. The determination 
of the tolerance level, cellular targets and 
responses to counteract Zn toxicity can bring 
novel information, contributing to a deeper 
understanding on the Zn influence on diatoms, 
especially at Zn contaminated areas.  
Zn’s toxicity is associated with  an 
overproduction of reactive oxygen species 
(ROS) (Hamed et al., 2017). ROS are 
potentially toxic above threshold 
concentrations, leading to oxidative stress, 
interacting with lipids, nucleic acids and 
proteins and resulting in lipid peroxidation 
(LPO), protein damage (e.g. protein 
carbonylation) and DNA alterations, which can 
be used to evaluate the damage inflicted on 
cells (Regoli and Giuliani, 2014).  
In order to reduce and avoid the effects of 
metals, organisms trigger cellular defence 
mechanisms, such as extracellular 
immobilization, restriction of metal ions 
transport into the cell, intracellular 
precipitation and chelation. The free metal 
ions remaining interfere with cellular 
molecules and processes leading to enzyme 
inactivation and ROS production. ROS 
scavenging,  by  antioxidant enzymes and 
molecules and biotransformation of 
xenobiotics, all contribute to decrease the 
toxicity originated by metal ions (Branco et al., 
2010; Figueira et al., 2014; E. Pinto et al., 
2003; Regoli and Giuliani, 2014). The 
induction of these mechanisms can be 
monitored and used as biomarkers of 
oxidative stress for different contamination 
scenarios (Branco et al., 2010; Figueira et al., 
2014; Santos et al., 2013).  
To understand the features enabling 
freshwater benthic diatoms to colonize 
environments with high Zn concentrations, lab 
experiments were carried out using Tabellaria 
flocclulosa (Roth) Kutzing 1844 (TFLO) 
isolated from a stream with 500 µg Zn/L and 
pH 5.0. Cells were submitted to Zn 
concentrations representing medium (30 
µg/L) to highly contaminated (1000 µg/L) 
environments. With this approach, we 
hypothesized that: 1) Zn affects TFLO cells; 2) 
Zn induces biochemical and metabolic 
alterations; 3) different Zn concentrations 
impose different stress levels; 4) different 
mechanisms are used to counteract toxicity.    
This holistic approach will certainly contribute 
to deepen the knowledge of Zn toxicity on 
freshwater diatoms and the mechanisms 
triggered to overcome Zn toxicity. The results 
can make a significant contribution for 
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environmental risk assessment in Zn 
impacted freshwaters. 
Material & Methods:   
 Region characterization, diatom isolation, 
cultivation and growth determination: 
Dalarna region,  in Sweden, is known for metal 
exploitation  (Larson, 2010).  The region 
contains old (approx. 1000 years) and new 
mines and an history of mine effluents 
draining on the surrounding waters (Larson, 
2010). According to the report from Dalarna’s 
Administration County Board (2010), in some 
sites river/stream water Zn concentrations 
may be above 1000 µg/L, with the highest 
value registered of 9300 µg/L.  
The species used for this study, Tabellaria 
flocculosa,  was isolated from a stream in this 
region with 500 µg Zn/L  and water pH~5 
(water parameters summarized in 
supplementary table 1S) (Larson, 2010). The 
isolation of a single cell was made by 
micropipette technique to agar plates 
(Andersen, 2005; Round et al., 1990) followed 
by transference to WC liquid medium (Guillard 
and Lorenzen, 1972). TFLO culture is now 
part of SLU diatom culture collection. 
The strain was pre-cultured in WC medium at 
pH 5, until exponential growth was reached. 
Cells at exponential growth were used for Zn 
experiments by transferring approximately 
250 000 cells to new sterile flasks containing 
250 ml of WC modified medium (1000 
cells/ml), supplemented with different Zn 
concentrations. At the end of exposure time, 1 
mL of each Erlenmeyer was preserved with 
Lugol’s solution for cell counting. Cell density 
was measured by direct counting in a 
Neubauer chamber using Nikon Eclipse 80i 
microscope.  
The experiments were performed at 20 ± 2 °C 
with a 12 h/12 h light/dark cycle at 75 
μmol/m2/s in WC medium, with nominal Zn 
concentrations of 0, 30, 500 and 1000 µg/L 
(added as ZnSO4) during 96h. The WC 
medium was modified by using just 1/10 of the 
EDTA/trace metal solution to ensure that the 
added zinc would be present mainly as free 
ions instead of chelated by EDTA 
(calculations done by Visual MINTEQ ver. 
3.0). Zn concentration in WC medium alone 
(control) was 2.2 µg/L. 
The concentrations of Zn exposure where 
chosen considering modelled values 
(Salminen et al., 2005), measured 
concentrations in the Swedish national 
monitoring system of reference sites (HVMFS, 
2016), measured concentrations in mining 
impacted areas and recommendations for 
threshold values for risk assessment of Zn 
(e.g. Larson 2010).  
Measured concentrations in the Swedish 
national monitoring system of reference sites 
are in general below 10 µg/L, which fits well 
with our nominal control concentration of Zn in 
the WC medium (2.2 µg/L). Zn concentration 
of 30 µg/L was chosen as a moderate 
concentration, as occurs in Swedish rivers 
and lakes (Naturvårdsverket, 1999) and  is 
common in Zn hotspots of European streams  
(Salminen et al., 2005). In current Swedish 
legislation, 30 µg Zn/L is considered to 
indicate below good ecological quality of 
freshwater, indicating a risk for toxic effects 
due to Zn in freshwater organisms (European 
Union, 2010; HVMFS, 2016). According to 
Naturvårdsverket (1999), 500 µg Zn/L was 
considered a very high concentration for 
Swedish waters. However, 12% of all sites 
studied from Dalarna region have 
concentrations above 500 µg Zn/L. The 
selection of 1000 µg Zn/L as an extremely 
high concentration, was not meant to cause 
total growth inhibition of TFLO. Furthermore, 
1000 µg Zn/L is also the threshold 
concentration where all tested organisms 
showed toxic effects under Zn exposure 
(European Union, 2010). As stated above, 
such high values are observed in mining areas 
in Sweden (Larson, 2010). 
 Zn quantification: 
Cell cultures were centrifuged at 5000 rpm for 
15 min. Cell pellets were resuspended in 
deionized water, vortexed and centrifuged 
again. The washing procedure was repeated 
two more times to ensure the removal of all 
the Zn from the culture medium. Cell pellets 
were resuspended in 1ml of potassium 
phosphate buffer (50 mM pH 7.0, 1mM EDTA, 
1% (v/v) Triton X-100, 1% (w/v) PVP, and 
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1mM DTT) and ultra-sonicated for 20 s at 0.5 
cycles. The suspension was centrifuged at 
10,000×g at 4 ◦C for 10 min and supernatant 
collected. HNO3 65% (100µl) was added to 
the supernatant and deionized water was 
added until a final volume of 5 ml was 
reached.  Zn cytosolic concentration was 
quantified by ICP-MS. 
 
2.3 Lipid peroxidation (LPO) 
LPO was measured by quantification of 
thiobarbituric acid reactive substances 
(TBARS), according to the protocol described 
by Buege and Aust (1978). TFLO cells were 
harvested and washed as described in section 
2.2. The pellet was suspended in TCA (20%), 
sonicated and centrifuged as in section 2.2. 
Absorbance was measured at 535 nm (Ɛ = 
1.56 × 105/M.cm). Results were expressed in 
µmol of MDA equivalents per million cells 
(µmol MDA/M cells). 
2.4 Proteins 
Intracellular proteins (Prot) 
Protein concentration was measured following 
the method described by Spector, (1978). 
TFLO cells were harvested, washed and 
supernatant was extracted as described in 
section 2.2. Protein quantification was made 
at 595 nm using bovine serum albumin (BSA) 
as standard. Results were expressed in 
milligram protein per million cells (mg 
protein/M cells). 
Frustulins (Frust) 
Frutulins’ extraction was prepared as 
described by Kröger et al., (1994) and 
adapted by Santos et al. (2013). Harvested 
and washed cells (section 2.2) were 
resuspended in 3 ml of EDTA (0.1 M pH 7.8) 
and incubated overnight, at 4ºC under 
agitation (150 rpm). Incubated cells were 
centrifuged (9000xg, 2 min, at 4ºC) and the 
supernatant absorbance read at 280nm (C 
(mg/L) = Abs 280 nm/ light path (cm)) (Noble 
and Bailey, 2009). Results were expressed in 
µg protein per million cells (µg protein/M 
cells). 
 
2.5 Protein carbonylation (PC) 
Carbonyl groups (CG) in proteins were 
quantified based on the method described by 
(Mesquita et al., 2014). In the same cell 
extracts used for intracellular protein 
determination, the amount of CG was 
quantified spectrophotometrically at 450 nm 
(Ɛ = 22 308/M.cm) and results were 
expressed in nmol of CG per million cells 
(nmol CG/M cells). 
 
2.6 Electron chain transport system activity 
(ETS) 
ETS activity was measured based on (King 
and Packard, 1975) method and using the 
modifications described by (De Coen and 
Janssen, 1997). Cells were harvested and 
washed as in section 2.2. Pelleted cells were 
sonicated and centrifuged as in section 2.2. 
The absorbance was read at 490 nm. The 
amount of formazan formed was calculated 
using the molar extinction coefficient of 
formazan (15900/M.cm) and the results were 
expressed in µmol of formazan per million 
cells (µmol/M cells). 
 
Attached and non-attached 
exopolysaccharides (EPS) 
Undisturbed culture medium (non-attached) 
and cell attached EPS were determined using 
(Staats et al., 2000) procedure adapted by 
Santos et al. (2013). Attached and non-
attached EPS were determined by the phenol-
sulphuric acid colorimetric method (DuBois et 
al., 1956). The absorbance was measured at 
490 nm using sucrose as standard. Results 
were expressed in µg saccharides per million 
cells (µg/M cells). 
 
Antioxidant response 
Superoxide dismutase activity (SOD) 
Harvested and washed cells (section 2.2) 
were resuspended in extraction buffer (50 mM 
potassium phosphate, pH 7.0, 1mM EDTA, 
1% (v/v) Triton X-100, 1% (w/v) PVP, and 
1mM DTT) and ultra-sonicated for 20 s at 0.5 
cycles. The extract was centrifuged at 
10,000×g at 4ºC for 10 min. The method of 
(Beauchamp and Fridovich, 1971)  was 
followed with slight modifications (Branco et 
al., 2010). The absorbance was measured at 
560 nm using a standard curve with SOD 
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standards. Results were expressed in enzyme 
units per million cells (U/M cells). 
Catalase activity (CAT) 
Cell extract was obtained using the procedure 
described for SOD. CAT activity was 
determined by the method of (Johansson and 
Håkan Borg, 1988) adapted by Branco et al. 
(2010).  The absorbance was measured at 
540 nm using formaldehyde standards. 
Results were expressed in milliunits per 
million cells (Mu/M cells). 
Glutathione S-transferase activity (GSTs) 
Cell extract was obtained using the procedure 
described for SOD. GSTs activity was 
determined by the method of (Habig and 
Jakoby, 1981) using CDNB (2,4-
Dinitrochlorobenzene) as substrate.  The 
thioether (Ɛ =9,6/mM. cm) can be monitored 
by the increase of absorbance at 340nm.  
Results were expressed in milliunits per 
million cells (mu/M cells).  
Glutathione content 
Cell extract was obtained using the procedure 
described for SOD, but cell pellet was 
suspended in extraction buffer [0.1% Triton X-
100, 0.6% sulphosalicylic acid in KPE buffer 
(0.1M phosphate buffer, 5Mm EDTA, pH= 
7.5).  Glutathione content was quantified as 
described by (Rahman et al., 2006). GSH and 
total GSH were determined by measuring at 
412 nm the TNB (2-nitro-5-thiobenzoate) 
formed. Oxidized glutathione was estimated 
by GSSG=(GSHT-GSH), since one molecule 
of GSSG is formed by the oxidation of two 
GSH.  Results were expressed in nmol GSH 
or GSSG per million cells (nmol/M cells). 
 
 Metabolite profiling by GC-MS 
The metabolic profile was evaluated using the 
Instrument Pegasus HT with the Column 30 m 
× 0.25 mm fused-silica, 0.25-μm DB 5-MS UI 
during run time of 22.5 minutes. 
Sample preparation 
Sample preparation was performed according 
to Gullberg et al. (2004) using 300 µL of 
extraction buffer (20/20/60 v/v 
chloroform:water:methanol) including internal 
standards which were added to 1 million TFLO 
cells. At the end of the procedure, 250 µL of 
supernatant was transferred to a microvial and 
solvents were evaporated. 
Derivatization 
Derivatization of the previous samples was 
performed according to Gullberg et al. (2004) 
using a volume of 7.5 µL of methoxyamine, 
MSTFA and of methyl stearate solution 
instead of 30 µL. 
Analysis  
Gas chromatography with mass spectrometry 
analysis was performed as described 
previously (Gullberg et al., 2004; Nordström 
and Lewensohn, 2010). In detail, 1 µL of the 
derivatized sample was injected splitless (or 
split 1:20) by an CTC Combi Pal Xt Duo (CTC 
Analytics AG, Switzerland) autosampler/robot 
into an Agilent 7890A gas chromatograph 
equipped with a 30 m × 0.25 mm i.d. fused-
silica capillary column with a chemically 
bonded 0.25 μm DB 5-MS UI stationary phase 
(J&W Scientific, Folsom, CA). 
The injector temperature was 260 °C, the 
purge flow rate was 20 mL/min, and the purge 
was turned on after 75 seconds. The gas flow 
rate through the column was 1 mL/min, and 
the column temperature was held at 70 °C for 
2 minutes, after increased 20 °C/min until 320 
°C, and held at 320ºC for 8 minutes. The 
column effluent was introduced into the ion 
source of a Pegasus HT time-of-flight mass 
spectrometer, GC/TOFMS (Leco Corp., St 
Joseph, MI). The transfer line and the ion 
source temperatures were 250 and 200 °C, 
respectively. Ions were generated by a 70 eV 
electron beam at an ionization current of 2.0 mA, 
and 20 spectra s-1 were recorded in the mass 
range m/z 50−800. The acceleration voltage was 
turned on after a solvent delay of 290 seconds. The 
detector voltage was 1500-2000V. 
Data analysis  
MS-files from the obtained metabolic analysis 
were exported from the ChromaTOF software 
in NetCDF format to MATLABÔ R2011b 
(Mathworks, Natick, MA, USA), where all data 
pre-treatment procedures, such as base-line 
correction, chromatogram alignment, data 
compression and Hierarchical Multivariate 
Curve Resolution (H-MCR), were performed 
using custom scripts according to (Jonsson et 
al., 2006). The extracted mass spectra were 
identified by comparisons of their retention 
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index and mass spectra with libraries of 
retention time indices and mass spectra 
(Schauer et al., 2005). All multivariate 
statistical investigations (PCA, OPLS-DA) 
were performed using the software package 
SIMCA version 13.0.2 (Umetrics, Umeå, 
Sweden). Identification of compounds was 
based on comparison with mass spectra 
libraries (in-house database) as well as 
retention index. 
 
Statistical analysis 
Hypothesis testing was performed by 
Permutation Multivariate Analysis of Variance 
(PERMANOVA)(Anderson et al., 2005). All 
data analysis was performed with the software 
PRIMERv6 (Clarke and Gorley, 2006)  with 
the add-on PERMANOVA+ (Anderson et al., 
2008). To run the PERMANOVA tests we 
considered 9999 Monte Carlo permutations 
and pairwise comparisons between Zn 
conditions. Our null hypothesis was: the 
increase of Zn concentration does not cause 
TFLO response. This hypothesis was tested 
for all parameters described in section 2, 
including metabolomic analysis. Values of p ≤ 
0.05 revealed that the groups differed 
significantly, indicated in figures by different 
lowercase letters. 
Matrix gathering the biomarker responses was 
used to calculate the Euclidean distance 
similarity matrix. The data used to calculate 
the matrix was previously normalized and 
transformed (square root). The matrix was 
then simplified through the calculation of the 
distance among centroid based on the 
condition and then submitted to ordination 
analysis, performed by Principal Coordinates 
(PCO). Spearman correlation vectors (r> 
0.95) of biochemical responses of TFLO cells 
were superimposed on the top of the PCO 
graph. 
3. Results 
3.1 Growth  
TFLO exposed for 96h to different zinc 
concentrations only showed significant growth 
differences at the highest Zn concentration 
(1000 µg/L). However, at 500 µg/L, cells 
showed a 20% growth decrease compared to 
control (Figure 1). 
3.2 Zn concentration  
Zn was detected in the cells’ cytosol (control 
condition), since the growth medium 
contained 2.2 µg Zn/L (Figure 2). However, 
when growth medium was supplemented with 
Zn, the concentrations were 10-15 times 
higher. Intracellular Zn didn’t show significant 
differences in cells exposed to 30 and 500 
µg/L. At 1000 µg/L, the intracellular Zn 
increased 50% compared with lower Zn 
concentrations (30 and 500 µg/L). 
 
Figure1- Growth of Tabellaria flocculosa (cells/mL) 
exposed for 96h to different Zn concentrations. Values are 
means (+ standard deviation) of 12 independent 
experiments. Lowercase letters indicate significant 
differences between zinc exposures p<0.01. 
 
Figure 2 -Intracellular zinc concentrations (µg/M cells) in 
TFLO exposed for 96h to different Zn concentrations. 
Values are means (+ standard deviation) of independent 
experiments. Lowercase letters indicate significant 
differences between zinc exposures p<0.05. 
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3.3 Cell damage: LPO and PC 
LPO tends to increase as cells are exposed to 
increasing Zn concentrations (Figure 3A). 
However, differences are not significant 
(p>0.05) between 0 and 30 µg Zn/L. At 500 
µg/L, LPO levels are significantly higher 
compared to control (0) and 30 µg/L and 
exposure to 1000 µg Zn/L induces LPO, 
concentrations significantly higher compared 
Figure 4- Physiological responses of TFLO exposed for 96h to different Zn concentrations. A) Total protein, Prot 
(mg/Mcells); B) mitochondrial electron chain activity, ETS (µmol/M cells); C) Attached exopolysaccharide 
substances, EPS (µg/M cells) and D) Frustulins’, Frust (µg protein/M cells). Values are means (+ standard 
deviation) of 4 independent experiments. Lowercase letters indicate significant differences between zinc 
exposures p<0.05. 
Figure 3 - Damage of TFLO exposed for 96h to different Zn concentrations. A) Lipid peroxidation, LPO (µmol 
MDA eq/M cells) and B) Protein carbonylation, PC (nmol/M cells). Values are means (+ standard deviation) of 
2 independent experiments. Lowercase letters indicate significant differences between zinc exposures p<0.05 
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to the remaining conditions.  PC followed the 
LPO trend. However, at 1000 µg Zn/L, the 
increase is more expressive (3.5, 3.2 and 2.4-
fold comparing to the 0, 30 µg/L and 500 µg/L, 
respectively) (Figure 3B).  
3.4 Physiological parameters: Proteins, ETS, 
EPS and Frustulins  
 
TFLO exposed to Zn showed a steady 
increase of proteins as Zn concentration 
increased with significant differences among 
all conditions tested. Cells grown at 500 µg/L 
had 4.3 and 2.4-fold more proteins than those 
at 0 and 30 µg/L, respectively. Differences are 
higher at 1000 µg Zn/L comparing with the 
remaining conditions (14, 8, 3-fold for 0, 30, 
500 µg/L, respectively) (Figure 4A). 
Figure 5 - Antioxidant response of TFLO exposed 
for 96h to different Zn concentrations. Superoxide 
dismutase SOD, Catalase CAT, Glutathione S-
transferases activity, Glutathione reduced GSH 
and oxidized GSSG. Values are means (+ standard 
deviation) of independent experiments. Lowercase 
letters indicate significant differences between zinc 
exposures p<0.05.  
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TFLO in control and the lowest Zn 
concentrations (30 and 500 µg/L) presented 
similar levels of ETS activity. At 1000 µg/L, 
activity increased 3-fold (Figure 4B). 
The production of EPS attached and non-
attached to the frustule showed that non-
attached represented less than 1% of total 
EPS, therefore they were considered non- 
significant and therefore, not presented. 
Attached EPS at 30 µg/L decreased 
significantly compared to control. However, an 
opposite trend was observed at higher zinc 
concentrations, especially at 1000 µg/L, when 
EPS increased almost 3-fold compared to 
control and 22-fold compared to 30 µg/L 
(Figure 4C). 
Frustulins synthesis didn’t change 
significantly among the control and the two 
lower Zn concentrations, but a 2.5-fold 
increase was noticed at 1000 µg/L, compared 
with the remaining conditions (Figure 4D). 
3.5 Antioxidant and Biotransformation 
Response 
SOD and CAT activities were similar (p>0.05) 
between 30 and 500 µg Zn/L, but were both 
significantly higher compared to control and 
lower compared to 1000 µg/L. The activity of both 
enzymes at the highest Zn concentration was 
specially increased (6-fold for SOD and 4.7-
fold for CAT) when compared to the control 
(Figures 5A, 5B). GSTs activity was similar 
(p>0.05) among control, 30 and 500 µg Zn/L, 
but increased significantly for 1000 µg/L 
condition (Figure 5C). 
For all conditions, glutathione is mainly 
present in the reduced form. Zinc exposure 
didn’t induce the synthesis of glutathione 
(GSH) at the lowest Zn concentrations (30 and 
500 µg/L) (Figure 5D), but the level of 
oxidation differed (p<0.05) between exposed 
(30 and 500 µg/L-1) and non-exposed cells 
(Figures 5E). At the highest Zn concentration, 
a 4-fold increase in GSH was observed when 
compared with the remaining conditions. The 
concentration of GSSG also increased 
(p<0.05) at 1000 µg/L.  
3.6 PCO biochemistry analysis   
Centroids’ ordination diagram (PCO) resulting 
from applying a multivariate analysis to the 
biochemical determinations for each condition 
tested (0, 30, 500 and 1000 µg Zn/L) 
evidenced PCO1 as the main axis (87,9%) 
explaining the total variation obtained 
between conditions (Figure 6). Along PCO1, 
two groups are clearly separated, 0, 30, 500 
µg/L on the negative side and 1000 µg/L on 
the positive side of the axis. PCO2, explained 
6,9% of total variation, separating 500 µg/L in 
the positive side from the other three 
conditions at the negative side of the axis.  
The highest concentration (1000 µg/L) is 
highly correlated with protein (r=0.95), GSH 
(r=0.98) and GSSG (r=0.94) contents, LPO 
(r=0.91) and SOD (r=0,96) activity. Indeed, all 
these parameters evidenced a strong 
increase at 1000 µg/ compared with the 
remaining conditions. 
3.7 Metabolomics’ analysis 
Metabolomics’ analysis was able to separate 
123 compounds (Supplementary table 2S), 
but only 90 compounds were statistically 
significant and further analysed. The sum of 
the peaks’ areas of all the compounds (123) 
showed a slight and non-significant increase 
from 0 to 30 µg/L. However, at 500 µg/L, a 
significant increase was observed and, at 
1000 µg/L, the total peaks’ area was even 
higher and significantly different from the 
remaining conditions (Figure 7A). The number 
of compounds with peak area significantly 
differing between conditions showed variation 
(Figure 7B). A low number of compounds 
varied between 0 and 30 µg/L (8) and between 
500 and 1000 µg/L  
(10). The largest differences were observed 
between conditions 0 - 1000 µg Zn/L and 0 - 
500 µg Zn/L.   
From the 90 compounds showing differences 
between treatments, 11 were not considered 
for the analysis of chemical families since their 
identification was not possible. The remaining 
79 were divided by chemical families (Figure 
7C). Lipids, N-compounds (75% amino acids) 
and terpenoids are the most representative 
families (Figure 7C). The lipid percentages 
were similar among conditions, but the 
percentage of nitrogenous and terpenoid 
compounds showed larger variations, 
increasing at the highest Zn concentration 
compared to control condition (0 µg Zn/L).  
The total peak area of each chemical 
family is presented in Figure 8. The 
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variation at each Zn concentration 
compared to the control of the most 
biologically relevant compounds is also 
presented. The total peak area of lipids 
increased steadily with Zn concentrations. 
Differences are not significant between 0 
and 30 µg/L, but these two conditions had 
significant lower lipid areas than 500 µg/L 
and 1000 µg/L (Figure 8A). Several types 
of lipids (saturated, unsaturated, cyclic, 
branched and glycerol lipids) were 
identified. Twenty-four saturated and 12 
unsaturated lipids where identified but the 
total area of both classes was similar 
(Supplementary Table 2S). The five lipid 
compounds presented are fatty acids (FA) 
with 10 to 16 carbons and a fatty alcohol. 
The variation trend is similar to all, with a 
slight increase or decrease at 30 µg/L, 
and 2.3 to 2.8-fold increase at 500and 
1000 µg/L compared to control. Decanoic 
acid is the only compound where the 
increase is lower (c.f. Figure 8A). Other 
lipids, such as Eicosapentaenoic acid, 
Docosahexaenoic acid, Palmitoleic and 
Palmitic acids, Hexadecatrienoic acid and 
Myristic acid were also identified 
(Supplementary Table 2S). 
 
The total peak areas of N-compounds also 
increased as Zn concentration increased 
(Figure 8B). On the polar amino acids, Alanine 
is the amino acid displaying the highest 
variations for all tested Zn concentrations. For 
other amino acids increases of 2 to 5 times at 
500 and 1000 µg/L compared to control were 
observed (c.f. Figure 8 B). The non-amino 
acid, pyroglutamic acid showed a decrease at 
30 µg/L compared to control and modest 
increases at higher Zn concentrations (c.f. 
Figure 8B).  
The total peak area of sugar related 
compounds also increased as Zn 
concentrations increased (Figure 8C). For 
glycerol, a slight decrease was observed at 30 
µg/L but at higher Zn concentrations glycerol 
increased compared to control. Sucrose 
decreased for all Zn concentrations compared 
to control. 
Identified terpenoids included diterpenoids, 
steroids and sterols (Figure 8D). The total 
peak area of terpenoids also followed Zn 
concentrations, a modest increase at 30 µg/L 
and a 3-fold increase at 500 and 1000 µg/L. 
The most abundant terpenoids (highest peak 
areas) are different sterols, all showing small 
increases at 30 µg/L and a 3 to 4-fold increase 
at 500 and 1000 µg/L compared to control. 
Phytol, a natural linear diterpene alcohol, 
evidenced identical variation.  
Some compounds identified don’t belong to 
any of the other chemical families. The overall 
trend of the peak areas of these compounds 
is to decrease as Zn concentrations increase. 
For inorganic phosphate, a slight decrease is 
observed at 30 µg/L, but 1.4 to 1.7-fold were 
observed for 500and 1000 µg/L respectively. 
Glutaric acid and GABA increased for all Zn 
gradient concentrations (c.f. Figure 8E). 
Lumichrome evidenced a distinct trend, with 
peak areas decreasing as Zn concentrations 
increased, especially, at 1000 µg/L. 
 
Discussion 
 
Diatoms are responsible for 40% of the CO2 
fixation on Earth, inhabiting highly distinct 
ecosystems and exhibiting high biodiversity 
(Hopkinson et al., 2011; Stoermer and Smol, 
2001; Van Den Hoek et al., 1995). Thus, any 
factor affecting or compromising their growth 
may impose severe consequences on 
different systems. 
T. flocculosa is often characterized as a 
sensitive diatom species to pollutants 
(Hofmann et al., 2013; Olenina et al., 2006), 
including to metal pollution (Morin et al., 
2012). However, in this study TFLO showed 
tolerance to Zn, since it was isolated from a 
high Zn concentration site (500 µg/L).   
Our first hypothesis that Zn affects TFLO was 
supported by the data, TFLO was negatively 
affected by environmental relevant Zn 
concentrations.  Growth at the highest Zn 
concentrations severely impacted TFLO cells. 
Data confirmed our second hypothesis that 
TFLO underwent biochemical and 
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metabolomic changes, due to the pressure of 
high intracellular Zn concentration and it was 
possible to identify the level of stress caused 
by Zn excess (third hypothesis). In order to 
survive to high Zn concentrations and  
  
Figure 6- Principal Coordinates with Centroids ordination (PCO) of TFLO exposed for 96h to 
different Zn concentrations (0, 30, 500 and 1000 µg/L). Pearson correlation vector super imposed 
lipid peroxidation, LPO, protein concentration (Proteins) Superoxide dismutase (SOD) and reduced 
(GSH) and oxidized (GSSG) Glutathione concentrations (r>0.99). 
Figure 7 - Metabolomic analysis of TFLO exposed for 96h to different Zn concentrations (0, 30, 500 and 1000 
µg/L).  A) Total peak area from 123 compounds, B) Number of compounds differing significantly (p<0.05) 
between conditions and C) Distribution of compounds by chemical family. Values are means (+ standard 
deviation) of 1 independent experiment. 
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Figure 8. Total peak area of chemical families of metabolomic profiling of TFLO cells exposed for 96h to different Zn 
concentrations (0, 30, 500 and 1000 µg/L) and ratio control/ Zn condition of compounds with biological relevance of each 
family. A) Lipids, B) N-compounds, C) Sugar related compounds, D) terpenoids; E) Others. Values are means (+ standard 
deviation) of 1 independent experiments. Lowercase letters indicate significant differences between zinc exposures p<0.05. 
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counteract Zn toxic effects, TFLO was able to 
trigger tolerance mechanisms. Data obtained 
showed that TFLO possesses several 
mechanisms enabling cells to tolerate Zn 
stress and that each mechanism, contributes 
to the overall tolerance confirming the fourth 
and fifth hypotheses. The ability to trigger 
defence mechanisms as a response to stress 
is the key to organism’s intrinsic tolerance 
levels (Soldo and Behra, 2000). 
TFLO didn’t  evidence growth alterations at 30 
µg Zn/L compared to the control. At this 
concentration, the extracellular defence 
mechanisms (EPS and Frustulins) even 
showed a decrease (only significant for EPS). 
Nevertheless, intracellularly this Zn 
concentration promoted a global enzymatic 
response. Proteins increased significantly at 
30 µg/L, showing that cells are adjusting to 
higher intracellular Zn concentrations (i.e. 
significant increase of SOD and CAT activity 
and a slight increase of ETS activity and 
glutathione content). These results evidence 
that cells are suffering mild oxidative stress, 
which is effectively abrogated since 
membrane (LPO) and protein (PC) damage 
presented small but not significant increases 
comparing to the control.  However, the effect 
of 30 µg/L was noticeable in cell metabolome 
with increases and decreases in amino acids 
(e.g. ala and val) and sucrose. The implement 
of these alterations requires higher energy 
outlays provided by the hydrolysis of sucrose, 
which decreases at 30 µg/L.    Stauber and 
Florence (1990) also reported that at Zn 
concentrations below 500 µg/L, only slight 
effects were noticed in cell division rate, 
respiration and photosynthesis of the marine 
diatom N. closterium.  
At 500 µg Zn/L, extracellular chelation 
mechanisms are activated compared to 30 
µg/L, explaining the maintenance of the 
intracellular Zn concentrations. Generally, the 
EPS presence reduces metal toxicity, due to 
metal complexation (Koukal et al., 2003; Wilde 
et al., 2006). Frustulins  were  described to 
sequester extracellularly  metal ions (Santos 
et al., 2013). Zn extracellular chelation in N. 
closterium (at 100 and 200 µg Zn/L) was also 
reported by Stauber and Florence (1990), but, 
at that time, the knowledge of chelation 
properties of EPS and frustulins was limited. 
GABA was described to be involved in quorum 
sensing and abiotic stress tolerance (Chevrot 
et al., 2006) and to have antioxidant properties 
(Tiansawang et al., 2016). This compound can 
help decreasing the oxidative stress by 
promoting the communication between cells 
and inducing secretion of compounds as EPS. 
The effect of 500 µg Zn/L on cell metabolome 
was evidenced by the general increase in 
lipids, amino acids, glycerol and phosphate. At 
this concentration cells are at a lower energy 
status, supported by the increase in inorganic 
phosphate, glycerol and lipids and the 
decrease in sucrose. Storage lipids are 
mobilized as the main source of energy 
production since sucrose, a prompt energy 
source, was already spent. 
The molecular and enzymatic antioxidant 
activity, didn’t increase at 500 µg/L compared 
to 30 µg/L. However, oxidative stress is not 
alleviated so efficiently as at 30 µg/L, since 
LPO and PC presented significant increases 
compared to 0 and 30 µg/L. Moreover, though 
not significant, growth decreased 20%. 
Alternatively, the increase in proteins and 
several amino acids, relatively to 0 and 30 
µg/L, showed the cell effort to compensate the 
expected global decrease of enzymes 
(protein) activity, because of CP increase. A 
higher number of enzyme copies was already 
reported for Nitzschia palea exposed to Cd 
(Falasco et al., 2009a; Santos et al., 2016). 
The increase of metabolic pathways involved 
in cell response to Zn toxicity, which rely on 
enzymatic activity, may also explain the 
increase in proteins and amino acids.  
Moreover, it seems to be an effort to increase 
the synthesis of chlorophylls as indicated by 
the increase of phytol. Phytol feeds 
biosynthesis of tocopherols, which are well 
known lipid antioxidants and are able to 
protect membranes from peroxides (Mach, 
2015).  
Lumichrome has been described to influence 
many cellular processes (Gouws, 2009). 
Thus, the decrease in this metabolite, 
observed in our study, supports a 
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reconfiguration of cellular metabolism. 
Luminochrome was shown to induce a 
general decrease in the amino acid pool 
(Gouws, 2009), so the decrease in 
luminochrome is compatible with the increase 
of several amino acids observed in our study. 
Moreover, luminochrome was reported to 
decrease the activity of antioxidant (SOD, 
GPX and DHAR) and glycolytic enzymes 
(GAPDH) (Gouws, 2009; Gouws et al., 2012). 
The increase in glycolysis, originated by lower 
luminochrome levels, can feed the TCA cycle 
and the electron transport chain (as shown in 
our study by the increase in ETS activity) and 
providing energy for cells to combat the 
oxidative stress generated by high 
concentrations of Zn, such as the antioxidant 
response. Thus, the increase of SOD activity 
in all Zn exposures, observed in our study, is 
consistent with the decrease in luminochrome. 
Having in mind that alanine is the most 
common amino acid in proteins (Bar-Even 
2010, Iglesias 2000) it’s not surprising that it 
showed the highest peak areas.  Ala is also 
involved in sugar metabolism, since it is 
produced by pyruvate transamination, and it 
has also an important role in CO2 fixation on 
the C4 carbon photosynthetic assimilation 
pathway, ensuring enough CO2 for Rubisco 
(Hopkinson et al., 2011; Reinfelder et al., 
2000).  as diatoms also present C4 
metabolism (Haimovich-dayan et al., 2013). 
Hassler (2005) reported that in green algae, 
marine diatoms and plants Zn ions induced 
modifications in Rubisco, CO2 fixation and 
ribulose bisphosphate carboxylase activity. In 
diatoms, intracellular Zn was mainly 
associated with the chloroplast enzyme 
carbonic anhydrase, a metalloenzyme 
catalysing the conversion of HCO3- into CO2, 
the substrate of Rubisco (Hassler et al., 2005; 
Lane and Morel, 2000). If carbonic anhydrase 
and Rubisco reactions depend on Zn (Hassler 
et al., 2005), probably the huge increase in 
alanine in TFLO is not only due to the increase 
of overall protein synthesis but  specifically to 
increase the efficiency of CO2 fixation by 
Rubisco enzyme and consequently to 
increase the efficiency of organic compounds’ 
production. 
At the highest Zn concentration (1000 µg/L), 
the metabolomic profile followed a similar 
trend as 500 µg/L. The major alterations 
occurred at biochemical and physiological 
levels with a high increase of most 
parameters, evidencing the cell effort to hold 
the increase of oxidative stress generated by 
the higher intracellular Zn concentration. The 
extracellular complexation mechanisms and 
the antioxidant response are increased and 
sustained by higher respiration rates (high 
ETS activity). All together these changes were 
not sufficient to avoid oxidative damage, as 
LPO and PC increased steadily. Much of the 
oxidative damage is originated by lipid 
metabolization products, such as aldehydes, 
which are toxic to cells (Cardoso et al. 2017 
unpublished).  The mitigation of this effect is 
achieved by biotransformation enzymes, such 
as GSTs, that transform aldehydes into less 
toxic compounds, such as alcohols (i.e. 
increase of 1-hexadecanol, an alcohol derived 
from lipids). However, the increase of GSTs 
was not enough to quash the toxic effects of 
lipid peroxide degradation and the number of 
carbonyl groups in proteins evidenced a high 
increase.  
 
Conclusions 
The results of this study showed that TFLO 
responded differently to the three Zn 
concentrations. At low stress (30 µg Zn/L) few 
alterations in the metabolome were observed 
and the increase of ROS induced by higher 
intracellular Zn concentrations was readily 
responded by the enzymatic (SOD, CAT) and 
molecular (GSH oxidation) antioxidant 
systems, with cells not presenting damage 
and showing a slight, yet non-significant, 
increase in growth. At moderately high stress 
and the concentration from which TFLO was 
isolated from the environment (500 µg Zn /L), 
intracellular Zn concentrations were 
maintained and the main changes occurred in 
the metabolome (increases in fatty acids, 
amino acids, and terpenoides, glycerol and 
phosphate, decreases in sucrose and 
luminochrome). The efficiency of these 
changes could be recognized by the moderate 
increase in cell damage (LPO and PC) and the 
 16 
 
non-significant decrease in growth, explaining 
the survival of this TFLO strain in an 
environment with this Zn concentration. At 
higher stress levels (1000 µg Zn/L) cells didn’t 
undergo major alterations in the metabolome 
compared to 500 µg Zn/L, Zn entry in the cell 
wasn’t so efficiently restricted and the main 
mechanisms of response were the large 
increase of antioxidant systems and the 
induction of extracellular ion chelation (EPS, 
frustulins). However, these mechanisms were 
unable to effectively contain the increase of 
ROS and cellular damage overcame and a 
heavy growth reduction was observed. 
Thus, TFLO presented disparate responses to 
the three stress levels. These responses can 
be used to identify the level of stress to which 
diatom species or communities are subjected. 
Slight but significant increases in the 
antioxidant response (SOD, CAT, GSSG) are 
markers of mild stress. Metabolome 
reconfiguration with changes in several 
families of metabolites (carbohydrates, amino 
acids, terpenes, lipids) marks moderate 
stress. Large changes in the antioxidant 
response (SOD, CAT, GSH synthesis), 
induction of extracellular chelation and high 
cellular damage are markers of high stress. 
Moreover, metabolites such as sucrose and 
lumichrome that showed an inversely 
proportional variation to extracellular Zn 
concentration may be used as specific 
markers of Zn toxicity in environmentally 
exposed diatoms and possibly other algae. 
This study generated fundamental knowledge 
that may help to develop new tools based on 
cell responses at the biochemical, 
physiological and metabolomics levels and to 
establish appropriate regulatory guidelines, 
allowing to predict and mitigate the impacts of 
mining activity in freshwater systems. Thus, 
results from this study can make a significant 
contribution to related environmental risk 
assessments and environmental 
management strategies which will update 
relevant decision- and policy-makers (both 
government and industry). 
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Supplementary material:
 
 
 
 
Table S1- Water parameters from sampling site 
 
 
 
 
 
 
 
 
 
 
 
 
2015-10-27 
Site: Silvbergssjön, Dalarna, Sweden  
   
Water parameters Units  
Absorbance 420/5 A.U. 0.238 
pH 
 
5.3 
Temperature °C 22.2 
DOC mg/l 9 
Sodium, Na mg/l 1.6 
Potassium, K mg/l 0.37 
Calcium, Ca mg/l 2.8 
Magnesium, Mg mg/l 0.75 
Arsenic, As  mg/l 0.00026 
Lead, Pb  mg/l 0.017 
Cadmium, Cd  mg/l 0.0023 
Copper, Cu  mg/l 0.0062 
Chromium, Cr  mg/l 0.00022 
Mercury, Hg  µg/l < 0,0050 
Nickel, Ni  mg/l 0.00044 
Zinc Zn  mg/l 0.53 
Alkalinity mekv/l < 0,010 
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Table 2S – Zn GC-MS analysis results, compounds divided by family 
Chemical 
families ID RI m/z Name 
Peak area average per condition Zn (µg/L) ± standard deviation 
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13 1221 217 1,3-Cyclohexanediol 4.67E+04 ± 6.34E+03 6.17E+04 ± 2.09E+04 6.12E+04 ± 1.38E+04 7.63E+04 ± 3.62E+03 
27 1355 215 Nonanoic acid (TMS) 1.78E+05 ± 1.36E+04 2.42E+05 ± 2.20E+04 2.53E+05 ± 1.35E+04 2.53E+05 ± 1.29E+04 
34 1452 229 Decanoic acid (1TMS) 1.30E+04 ± 7.97E+02 1.60E+04 ± 2.28E+03 1.75E+04 ± 1.17E+03 1.75E+04 ± 2.01E+03 
42 1543 292 L-Threonic acid (tetrakis-TMS) 3.65E+03 ± 6.34E+02 3.93E+03 ± 1.01E+03 5.14E+03 ± 4.10E+02 5.86E+03 ± 1.50E+02 
43 1548 243 Undecanoic acid (1TMS) 3.55E+03 ± 3.07E+02 4.97E+03 ± 1.40E+03 6.26E+03 ± 7.29E+02 6.51E+03 ± 1.10E+03 
50 1646 257 Dodecanoic acid (TMS) 1.85E+04 ± 3.08E+03 1.86E+04 ± 3.95E+03 2.65E+04 ± 3.73E+03 3.48E+04 ± 7.34E+03 
59 1822 117 Myristoleic acid (TMS) 7.08E+03 ± 3.59E+03 6.75E+03 ± 3.68E+02 1.16E+04 ± 2.25E+03 1.55E+04 ± 1.00E+03 
61 1844 285 Myristic acid (TMS) 4.35E+06 ± 5.16E+05 5.60E+06 ± 8.56E+05 9.70E+06 ± 1.22E+06 1.18E+07 ± 1.40E+06 
62 1861 95 Fatty acid branched 1.52E+05 ± 2.07E+04 1.95E+05 ± 4.48E+04 3.73E+05 ± 1.01E+05 4.87E+05 ± 4.70E+04 
63 1879 95 Fatty acid branched 3.47E+05 ± 4.78E+04 4.33E+05 ± 1.08E+05 8.20E+05 ± 2.51E+05 1.09E+06 ± 1.26E+05 
65 1902 95 Fatty acid branched 9.59E+04 ± 1.71E+04 1.03E+05 ± 4.55E+04 1.80E+05 ± 7.74E+04 2.48E+05 ± 4.32E+04 
67 1926 297 C15 lipid 5.46E+03 ± 8.56E+02 7.77E+03 ± 8.12E+02 1.65E+04 ± 2.15E+03 2.16E+04 ± 2.38E+03 
69 1941 117 Pentadecanoic acid (TMS) 6.55E+05 ± 7.57E+04 7.32E+05 ± 1.59E+05 1.53E+06 ± 3.53E+05 1.84E+06 ± 3.25E+05 
70 1954 299 1-Hexadecanol (nTMS) 8.41E+03 ± 2.16E+02 7.46E+03 ± 1.85E+03 9.74E+03 ± 5.75E+02 1.03E+04 ± 9.46E+02 
72 1971 97 11-Hexadecenoic acid, ethyl ester 9.57E+03 ± 1.57E+03 8.31E+03 ± 6.09E+02 9.77E+03 ± 3.01E+02 1.03E+04 ± 7.15E+02 
74 2009 307 Fatty acid (unsaturated) 6.57E+04 ± 1.27E+04 1.08E+05 ± 2.63E+04 2.78E+05 ± 5.60E+04 4.31E+05 ± 8.93E+04 
75 2027 311 
9-Hexadecenoic acid, (TMS 
derivative) 
8.28E+06 ± 9.40E+05 1.06E+07 ± 1.76E+06 2.06E+07 ± 2.92E+06 2.58E+07 ± 2.45E+06 
76 2027 309 Fatty acid (unsaturated) 2.14E+06 ± 3.63E+05 3.06E+06 ± 5.40E+05 5.88E+06 ± 2.72E+05 7.37E+06 ± 2.49E+05 
77 2042 313 Hexadecanoic acid (TMS) 5.00E+06 ± 4.45E+05 6.15E+06 ± 1.11E+06 1.16E+07 ± 8.82E+05 1.30E+07 ± 1.89E+06 
82 2189 335 6,9,12-Octadecatrienoic acid (TMS) 5.40E+03 ± 8.59E+02 9.03E+03 ± 7.17E+02 2.31E+04 ± 5.21E+03 3.37E+04 ± 6.82E+03 
83 2208 337 9,12-Octadecadienoic acid (TMS) 8.50E+04 ± 1.77E+04 1.26E+05 ± 2.24E+04 2.75E+05 ± 6.23E+04 3.92E+05 ± 7.63E+04 
84 2213 339 9-Octadecenoic acid (TMS) 4.69E+04 ± 1.10E+04 5.61E+04 ± 7.88E+03 1.11E+05 ± 2.47E+04 1.46E+05 ± 2.69E+04 
86 2238 341 Octadecanoic acid (TMS) 1.63E+06 ± 4.75E+04 1.70E+06 ± 2.54E+05 1.75E+06 ± 2.93E+04 1.87E+06 ± 1.25E+05 
88 2351 218 Fatty acid (glycerol derivative) 3.73E+04 ± 5.97E+03 4.51E+04 ± 1.17E+04 7.42E+04 ± 2.97E+04 6.39E+04 ± 6.05E+03 
89 2356 247 Fatty acid (branched) 2.77E+04 ± 3.79E+03 2.76E+04 ± 3.35E+03 4.00E+04 ± 9.46E+03 5.17E+04 ± 1.09E+04 
90 2368 361 
5,8,11,14-Eicosatetraenoic acid 
(TMS) 
1.58E+04 ± 5.90E+02 2.32E+04 ± 5.02E+03 5.34E+04 ± 1.60E+04 6.87E+04 ± 1.62E+04 
91 2377 359 
5,8,11,14,17-Eicosapentaenoic acid 
(TMS ester) 
2.74E+04 ± 5.58E+03 4.16E+04 ± 1.13E+04 1.05E+05 ± 2.69E+04 1.37E+05 ± 1.50E+04 
92 2386 378 Fatty acid 1.54E+03 ± 2.10E+02 2.57E+03 ± 5.05E+02 6.41E+03 ± 2.51E+03 9.06E+03 ± 1.30E+03 
93 2393 376 Fatty acid 3.71E+03 ± 8.78E+02 3.85E+03 ± 3.55E+02 1.19E+04 ± 4.59E+03 1.71E+04 ± 2.83E+03 
 23 
 
95 2433 369 Eicosanoic acid (TMS) 8.09E+03 ± 5.10E+02 8.57E+03 ± 6.10E+02 9.61E+03 ± 7.56E+02 1.36E+04 ± 2.52E+03 
97 2522 311 Fatty acid (glycerol derivative) 3.21E+03 ± 5.00E+02 5.11E+03 ± 1.51E+03 9.21E+03 ± 4.53E+03 6.81E+03 ± 7.87E+02 
98 2538 459 
2-Palmitoylglycerol (2TMS 
derivative) 
2.28E+03 ± 5.01E+02 3.13E+03 ± 7.41E+02 4.66E+03 ± 2.31E+03 5.15E+03 ± 5.19E+02 
99 2547 199 Docosahexaenoic acid (TMS) 5.36E+04 ± 7.98E+03 9.04E+04 ± 1.73E+04 2.09E+05 ± 3.63E+04 2.78E+05 ± 6.86E+04 
100 2558 369 Fatty acid 2.65E+03 ± 7.15E+02 3.52E+03 ± 1.16E+03 4.20E+03 ± 2.09E+03 4.76E+03 ± 3.34E+02 
108 2818 131 Fatty acid (amide derivative) 2.82E+04 ± 1.79E+04 9.83E+04 ± 2.93E+04 5.99E+04 ± 3.42E+04 7.34E+04 ± 2.79E+04 
   Total average 2.34E+07 ± 2.48E+06 2.96E+07 ± 4.91E+06 5.41E+07 ± 4.55E+06 6.17E+07 ± 4.95E+06 
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1 1026 129 Amine 2.19E+04 ± 2.73E+03 3.28E+04 ± 9.22E+03 4.53E+04 ± 5.41E+03 5.59E+04 ± 1.03E+04 
5 1100 116 Alanine (N,O-TMS) 3.67E+06 ± 6.50E+05 4.00E+06 ± 1.58E+06 8.63E+06 ± 1.93E+06 1.39E+07 ± 3.11E+06 
12 1210 144 Valine (N,O-TMS) 7.26E+05 ± 3.90E+05 1.73E+06 ± 6.82E+05 2.00E+06 ± 1.64E+06 4.89E+06 ± 7.50E+05 
18 1264 158 Pyrazole 8.03E+05 ± 1.28E+05 1.03E+06 ± 5.41E+05 2.66E+06 ± 4.18E+05 5.48E+06 ± 1.22E+06 
20 1286 158 Isoleucine (N,O-TMS) 2.44E+05 ± 5.46E+04 4.03E+05 ± 1.60E+05 7.43E+05 ± 2.23E+05 1.32E+06 ± 1.13E+05 
23 1322 196 Amino acid derivative 3.97E+05 ± 2.77E+04 4.72E+05 ± 7.98E+04 6.50E+05 ± 1.13E+05 7.63E+05 ± 6.92E+04 
26 1349 204 Serine (N,O,O-TMS) 5.53E+05 ± 2.59E+05 3.60E+05 ± 1.01E+05 6.26E+05 ± 5.78E+04 1.04E+06 ± 1.47E+05 
29 1375 291 Threonine (N,O,O-TMS) 1.84E+04 ± 5.35E+03 1.82E+04 ± 5.67E+03 3.85E+04 ± 6.45E+03 6.59E+04 ± 1.18E+04 
38 1508 232 Aspartic acid (N,N,O-TMS) 1.38E+05 ± 4.51E+04 9.59E+04 ± 3.00E+04 1.71E+05 ± 3.75E+04 2.83E+05 ± 2.13E+04 
39 1516 258 Pyroglutamic acid (N,O-TMS) 4.23E+04 ± 1.32E+04 3.02E+04 ± 7.42E+03 4.94E+04 ± 3.88E+03 7.43E+04 ± 6.66E+03 
48 1623 218 Phenylalanine (N,O-TMS) 1.14E+05 ± 2.06E+04 1.54E+05 ± 4.82E+04 3.38E+05 ± 5.38E+04 5.44E+05 ± 9.98E+04 
49 1644 174 1,3-Diaminopropane  (4TMS) 5.55E+04 ± 5.84E+03 4.99E+04 ± 8.53E+03 8.81E+04 ± 1.20E+04 9.96E+04 ± 6.96E+03 
54 1762 156 Glutamine (N,N,O-TMS) 2.11E+04 ± 4.72E+03 2.72E+04 ± 1.02E+04 7.48E+04 ± 1.32E+04 1.30E+05 ± 1.70E+04 
58 1812 256 Arginine (3TMS) 1.06E+04 ± 2.67E+03 1.63E+04 ± 3.28E+03 4.41E+04 ± 4.10E+03 5.09E+04 ± 1.27E+04 
66 1913 174 Lysine (N,N,N,O-TMS) 5.91E+04 ± 7.25E+03 6.53E+04 ± 1.37E+04 1.79E+05 ± 1.90E+04 2.58E+05 ± 5.06E+04 
68 1931 218 Tyrosine (N,O,O-TMS) 1.66E+05 ± 3.47E+04 2.10E+05 ± 6.30E+04 4.97E+05 ± 7.64E+04 7.82E+05 ± 1.50E+05 
    Total average 7.04E+06 ± 1.15E+06 8.69E+06 ± 2.84E+06 1.68E+07 ± 4.05E+06 2.36E+07 ± 4.38E+06 
              
 
ID RI m/z Name 
Peak area average per condition Zn (µg/L) ± standard deviation 
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 17 1263 205 Glycerol (3TMS) 1.57E+06 ± 1.52E+05 1.29E+06 ± 8.70E+05 2.60E+06 ± 3.55E+05 4.56E+06 ± 7.32E+05 
64 1893 273 Iditol 3.01E+04 ± 3.73E+03 3.31E+04 ± 2.49E+03 8.00E+04 ± 1.27E+04 7.63E+04 ± 2.30E+04 
87 2293 337 Pyranoside glucoside 1.79E+05 ± 2.88E+04 2.78E+05 ± 9.97E+04 7.13E+05 ± 2.71E+05 1.03E+06 ± 1.79E+05 
103 2621 361 Sucrose (8TMS) 1.19E+05 ± 4.05E+04 4.24E+04 ± 1.41E+04 5.53E+04 ± 1.17E+04 4.61E+04 ± 1.22E+03 
104 2675 204 Lactose (MEOX-8TMS) 5.92E+03 ± 5.56E+02 2.71E+04 ± 1.49E+04 1.03E+04 ± 9.37E+03 4.32E+03 ± 4.11E+02 
105 2710 361 Di/tri-saccharide like cellobiose 6.53E+02 ± 3.16E+02 3.09E+02 ± 1.20E+02 1.58E+03 ± 4.74E+02 1.90E+03 ± 1.32E+03 
114 3098 204 Pyranoside glucoside 7.24E+04 ± 1.04E+04 7.33E+04 ± 2.58E+04 1.74E+05 ± 2.06E+04 1.89E+05 ± 5.62E+04 
 24 
 
118 3326 204 Pyranoside glucoside 1.16E+05 ± 3.50E+03 1.63E+05 ± 4.26E+04 3.73E+05 ± 1.09E+05 3.90E+05 ± 2.46E+04 
119 3493 379 Di/tri-saccharide 7.31E+03 ± 6.43E+02 1.34E+04 ± 5.30E+03 3.86E+04 ± 1.42E+04 3.80E+04 ± 6.23E+03 
120 3504 383 Di/tri-saccharide 3.77E+04 ± 4.01E+03 5.13E+04 ± 1.77E+04 1.12E+05 ± 3.71E+04 1.17E+05 ± 3.32E+03 
121 3513 381 Di/tri-saccharide 1.34E+04 ± 1.20E+03 2.08E+04 ± 8.67E+03 4.77E+04 ± 2.46E+04 4.72E+04 ± 3.24E+03 
122 3515 385 Di/tri-saccharide 2.75E+04 ± 2.33E+03 3.28E+04 ± 7.62E+03 8.41E+04 ± 2.60E+04 8.16E+04 ± 4.39E+03 
   Total average 2.18E+06 ± 8.55E+04 2.02E+06 ± 1.01E+06 4.29E+06 ± 8.35E+05 6.21E+06 ± 9.76E+05 
              
 
ID RI m/z Name 
Peak area average per condition Zn (µg/L) ± standard deviation 
 0 30 500 1000 
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55 1773 253 Steroid 1.28E+04 ± 9.49E+02 1.71E+04 ± 2.80E+03 2.69E+04 ± 3.67E+03 3.05E+04 ± 3.79E+03 
81 2168 143 Phytol (1TMS) 3.25E+07 ± 3.42E+06 4.21E+07 ± 8.17E+06 8.24E+07 ± 6.71E+06 9.61E+07 ± 4.15E+06 
94 2406 239 Diterpenoid 7.76E+03 ± 7.52E+02 6.87E+03 ± 1.76E+03 1.26E+04 ± 3.29E+03 1.89E+04 ± 2.80E+03 
110 2856 255 Sterol 1.96E+04 ± 2.80E+03 2.74E+04 ± 4.83E+03 5.46E+04 ± 1.15E+04 5.62E+04 ± 1.80E+03 
111 2907 366 Sterol 8.74E+03 ± 1.87E+03 9.81E+03 ± 1.99E+03 2.48E+04 ± 5.18E+03 2.82E+04 ± 1.72E+03 
112 2952 380 Sterol 9.67E+03 ± 1.05E+03 1.26E+04 ± 2.25E+03 2.97E+04 ± 5.29E+03 3.25E+04 ± 1.80E+03 
113 2990 380 Sterol 8.45E+04 ± 1.48E+04 1.07E+05 ± 2.12E+04 2.57E+05 ± 4.87E+04 2.82E+05 ± 1.88E+04 
115 3137 456 Sterol 1.42E+04 ± 2.50E+03 1.86E+04 ± 2.93E+03 3.67E+04 ± 5.02E+03 4.14E+04 ± 3.01E+03 
116 3216 470 Sterol 2.20E+04 ± 3.80E+03 3.26E+04 ± 4.08E+03 5.84E+04 ± 6.05E+03 6.49E+04 ± 1.92E+03 
    Total average 3.27E+07 ± 3.45E+06 4.23E+07 ± 8.21E+06 8.29E+07 ± 6.79E+06 1.45E+07 ± 4.17E+06 
              
 
ID RI m/z Name 
Peak area average per condition Zn (µg/L) ± standard deviation 
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16 1263 299 Phosphate 1.33E+06 ± 1.84E+05 1.17E+06 ± 1.89E+05 1.87E+06 ± 7.40E+05 2.30E+06 ± 4.60E+05 
22 1318 183 Patulin (TMS derivative) 2.64E+05 ± 3.80E+04 3.82E+05 ± 4.85E+04 8.22E+05 ± 9.30E+04 1.13E+06 ± 1.64E+05 
24 1329 184 Lumichrome (2MEOX) 1.11E+07 ± 3.20E+06 8.46E+06 ± 9.07E+05 5.47E+06 ± 9.98E+05 4.63E+06 ± 1.68E+06 
32 1395 261 Glutaric acid (2TMS) 1.98E+04 ± 5.82E+02 2.37E+04 ± 1.23E+03 2.99E+04 ± 3.08E+03 3.30E+04 ± 1.71E+02 
40 1524 174 
4-aminobutyric acid (GABA)(N,N,O-
TMS) 
6.21E+05 ± 1.70E+05 7.94E+05 ± 4.36E+04 1.69E+06 ± 3.58E+05 1.74E+06 ± 3.42E+05 
60 1837 123 Neophytadiene 1.54E+05 ± 1.39E+04 2.04E+05 ± 3.67E+04 3.54E+05 ± 9.72E+04 4.77E+05 ± 5.25E+04 
   Total average 1.34E+07 ± 2.99E+06 1.10E+07 ± 9.89E+05 1.02E+07 ± 6.68E+05 1.19E+06 ± 1.70E+06 
              
 
 
 ID RI m/z Name 
Peak area average per condition Zn (µg/L) ± standard deviation 
 0 30 500 1000 
 10 1179 117 Unknown_02 3.15E+05 ± 1.20E+05 5.21E+05 ± 1.15E+05 2.54E+05 ± 4.55E+04 4.29E+05 ± 1.06E+05 
U
n
k
n
o
w
n
 28 1356 199 Unknown_05 4.83E+04 ± 7.36E+03 8.62E+04 ± 1.67E+04 2.35E+05 ± 4.59E+04 2.74E+05 ± 4.79E+04 
30 1377 240 Unknown_06 1.70E+05 ± 2.03E+04 2.01E+05 ± 1.26E+04 1.82E+05 ± 9.86E+03 1.87E+05 ± 4.80E+03 
37 1470 143 Unknown_10 9.04E+03 ± 3.22E+02 1.39E+04 ± 3.64E+03 3.33E+04 ± 8.81E+03 3.92E+04 ± 8.90E+03 
 25 
 
44 1554 285 Unknown_11 2.99E+04 ± 2.10E+04 4.59E+04 ± 4.53E+04 1.15E+04 ± 2.11E+03 7.42E+03 ± 6.76E+02 
53 1719 289 Unknown_14 6.46E+03 ± 1.59E+03 7.31E+03 ± 1.33E+03 1.60E+04 ± 2.45E+03 2.04E+04 ± 2.43E+03 
57 1796 212 Unknown_15 5.61E+04 ± 2.66E+03 8.32E+04 ± 1.99E+04 1.43E+05 ± 2.55E+04 1.69E+05 ± 2.69E+04 
73 1990 352 Unknown_16 1.09E+04 ± 1.12E+03 1.39E+04 ± 2.05E+03 3.38E+04 ± 7.12E+03 4.23E+04 ± 7.16E+03 
78 2074 183 Unknown_17 6.84E+03 ± 8.72E+02 1.00E+04 ± 3.77E+03 3.10E+04 ± 7.16E+03 2.39E+04 ± 1.23E+04 
85 2227 197 Unknown_17 2.41E+04 ± 5.01E+03 3.03E+04 ± 3.95E+03 5.25E+04 ± 1.54E+04 7.16E+04 ± 1.24E+04 
102 2599 57 Unknown_19 4.40E+05 ± 7.29E+03 4.29E+05 ± 3.47E+04 3.77E+05 ± 8.93E+03 3.91E+05 ± 1.17E+04 
   Total average 1.12E+06 ± 1.42E+05 1.44E+06 ± 2.44E+05 1.37E+06 ± 5.49E+04 1.66E+06 ± 1.82E+05 
              
 
ID RI m/z Name 
Peak area average per condition Zn (µg/L) ± standard deviation 
 0 30 500 1000 
 2 1073 173 Hexanoic acid (TMS derivative) 1.90E+05 ± 3.67E+04 1.91E+05 ± 2.52E+04 2.57E+05 ± 6.91E+04 1.71E+05 ± 2.74E+04 
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3 1073 177 Glycolic acid (2TMS) 1.25E+05 ± 1.20E+04 1.21E+05 ± 1.60E+04 1.47E+05 ± 1.08E+04 1.51E+05 ± 8.53E+03 
4 1086 134 Lumichrome isormer 9.07E+05 ± 3.92E+05 6.75E+05 ± 2.67E+04 7.49E+05 ± 5.56E+04 4.81E+05 ± 1.48E+05 
6 1114 133 Hydroxylamine (3TMS) 4.13E+06 ± 2.36E+06 1.65E+06 ± 3.70E+05 1.09E+06 ± 9.54E+05 1.93E+06 ± 1.21E+06 
7 1137 235 5,6-Dihydrouracil (2TMS) 7.95E+06 ± 2.16E+06 7.47E+06 ± 2.05E+06 8.64E+06 ± 1.99E+06 1.09E+07 ± 1.06E+06 
8 1141 152 4-Hydroxypyridine(nTMS) 3.47E+05 ± 8.39E+04 3.34E+05 ± 5.64E+04 5.14E+05 ± 1.22E+05 4.15E+05 ± 1.18E+04 
9 1175 173 Unknown_01 1.75E+05 ± 2.82E+04 2.22E+05 ± 4.22E+04 1.47E+05 ± 1.86E+04 1.91E+05 ± 5.30E+04 
11 1186 180 Fatty acid (unsaturated) 1.30E+05 ± 6.45E+04 1.91E+05 ± 3.29E+04 1.07E+05 ± 6.69E+04 1.80E+05 ± 9.26E+03 
14 1232 189 Urea (2TMS derivative) 5.12E+05 ± 3.07E+05 2.21E+05 ± 6.06E+04 3.61E+05 ± 8.45E+04 3.01E+05 ± 5.67E+04 
15 1236 117 Diethylene glycol (2TMS derivative) 1.42E+05 ± 3.76E+04 1.69E+05 ± 1.10E+05 1.48E+05 ± 1.51E+04 1.06E+05 ± 2.14E+04 
19 1273 247 Unknown_03 7.21E+04 ± 1.93E+04 6.59E+04 ± 1.77E+04 5.19E+04 ± 2.05E+04 7.88E+04 ± 1.26E+04 
21 1305 247 Butanedioic acidb(2TMS derivative) 1.64E+05 ± 3.10E+04 2.25E+05 ± 6.08E+04 2.19E+05 ± 3.92E+04 2.55E+05 ± 8.77E+04 
25 1345 260 Unknown_04 2.31E+04 ± 2.06E+04 1.43E+04 ± 8.20E+03 1.44E+04 ± 3.87E+03 8.55E+03 ± 1.59E+03 
31 1381 140 Unknown_07 5.30E+04 ± 7.57E+03 4.65E+04 ± 2.69E+04 4.59E+04 ± 2.17E+04 4.09E+04 ± 4.10E+03 
33 1413 228 Unknown_08 7.42E+05 ± 2.07E+04 7.39E+05 ± 5.25E+04 6.79E+05 ± 3.61E+04 7.09E+05 ± 1.00E+04 
35 1457 160 Iminodiacetic acid (2TMS) 2.36E+04 ± 2.67E+04 8.04E+04 ± 7.97E+04 5.32E+04 ± 4.07E+04 4.84E+04 ± 2.45E+04 
36 1464 255 Unknown_9 1.02E+05 ± 1.69E+04 8.51E+04 ± 3.19E+04 6.27E+04 ± 2.05E+04 1.06E+05 ± 2.29E+04 
41 1538 263 Ditertbutylphenol (1TMS) 6.11E+04 ± 9.37E+03 6.72E+04 ± 1.95E+03 7.36E+04 ± 6.23E+03 9.33E+04 ± 1.63E+04 
45 1579 217 Unknown_12 3.28E+04 ± 8.85E+03 2.20E+04 ± 1.13E+04 2.52E+04 ± 1.01E+04 3.00E+04 ± 3.60E+03 
46 1592 239 1,2,4-Benzenetriol (3TMS) 4.75E+04 ± 1.70E+03 3.78E+04 ± 1.42E+04 3.35E+04 ± 9.73E+03 3.81E+04 ± 3.82E+03 
47 1617 333 Unknown_13 1.46E+05 ± 5.16E+04 1.05E+05 ± 2.50E+04 9.76E+04 ± 2.81E+04 8.89E+04 ± 2.16E+04 
51 1692 277 Hydroxytoluene (TMS derivative) 6.18E+05 ± 2.70E+04 6.55E+05 ± 3.77E+04 6.21E+05 ± 1.88E+04 5.63E+05 ± 3.65E+04 
52 1710 97 Fatty alcohol 4.14E+06 ± 8.71E+04 4.10E+06 ± 3.28E+05 3.86E+06 ± 2.36E+05 3.96E+06 ± 8.64E+04 
56 1786 317 Azelaic acid (2TMS) 8.11E+03 ± 2.04E+03 9.61E+03 ± 2.29E+03 1.17E+04 ± 1.45E+03 9.28E+03 ± 1.66E+03 
71 1960 149 Dibutyl phthalate 8.88E+04 ± 1.50E+04 1.22E+05 ± 8.07E+04 9.29E+04 ± 1.87E+04 9.54E+04 ± 1.75E+04 
79 2138 327 Heptadecanoic acid (TMS) 8.91E+03 ± 1.21E+03 8.65E+03 ± 4.97E+02 9.05E+03 ± 4.07E+03 1.13E+04 ± 4.04E+03 
80 2150 327 Fatty acid 7.12E+03 ± 8.06E+02 7.37E+03 ± 1.60E+03 6.57E+03 ± 2.10E+03 8.25E+03 ± 2.02E+03 
 26 
 
96 2497 319 Fatty acid (amide) 7.67E+03 ± 2.50E+03 1.17E+04 ± 6.24E+03 5.05E+03 ± 2.34E+03 5.57E+03 ± 1.53E+03 
101 2574 371 Fatty acid (glycerol Derivative) 4.97E+05 ± 1.08E+05 3.17E+05 ± 7.00E+04 4.22E+05 ± 1.27E+05 4.17E+05 ± 6.92E+04 
106 2767 399 
Octadecanoic acid-2,3-
dihydroxypropylester (2TMS) 
3.11E+05 ± 8.90E+04 3.04E+05 ± 2.47E+04 5.09E+05 ± 1.34E+05 4.17E+05 ± 1.10E+05 
107 2799 57 Unknown_18 3.40E+05 ± 3.16E+04 3.45E+05 ± 2.69E+04 3.07E+05 ± 1.80E+04 2.91E+05 ± 1.47E+04 
109 2830 425 Lignoceric acid (nTMS) 3.81E+04 ± 3.00E+03 3.66E+04 ± 9.83E+03 4.42E+04 ± 1.62E+04 4.96E+04 ± 5.40E+03 
117 3283 309 
α-Tocopherolhydroquinone 
(tris(TMS) ether) 
1.95E+04 ± 8.16E+03 4.28E+04 ± 1.39E+04 5.58E+04 ± 2.38E+04 4.98E+04 ± 1.73E+04 
123 3578 648 
Tris(2,4-di-tert-butylphenyl) 
phosphate 
7.64E+04 ± 8.62E+03 7.77E+04 ± 6.55E+03 8.53E+04 ± 3.29E+03 8.92E+04 ± 1.28E+04 
   Total average 2.22E+07 ± 3.25E+06 1.88E+07 ± 2.21E+06 1.95E+07 ± 6.19E+05 2.07E+07 ± 1.26E+06 
 1 
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Highlights : 
- At environmental relevant concentrations Cu is toxic to Tabellaria flocculosa (TFLO) 
- Low Cu induces oxidative stress, but antioxidant and detoxifying mechanisms are not activated 
- Moderate and high stress induces a reconfiguration of the metabolome  
- High stress induces the antioxidant response, inactivates enzymes and increases cellular damage 
- Possible specific Cu toxicity markers are pointed out: 2-palmitoyl-glycerol, hydroxylamine, glycerol 
and general diterpenoids.  
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Abstract: 
The impact of metals such as copper (Cu) on benthic freshwater diatoms is poorly understood, even if diatoms 
are commonly used as water quality indicators, and metals are a recognised threat to aquatic organisms. Our 
study aimed to elucidate the cellular responses of diatoms to counteract Cu toxicity. The freshwater diatom 
Tabellaria flocculosa (TFLO), isolated from a Cu contaminated stream, was exposed to 0.3, 6 and 10 µg Cu/L, 
and the tolerance level and the cellular targets were studied using biochemical, physiological and metabolomic 
approaches.  Cu was already toxic to TFLO at concentrations common in environments which are usually not 
considered to be contaminated (0.3 µg Cu/L), and toxicity increased with Cu concentration strategies to cope 
with Cu varied with the level of Cu stress. Under Cu impact, the metabolome of TFLO changed significantly, 
especially at high concentrations (6 and 10 µg Cu/L).  Cu toxicity was counteracted by increasing extracellular 
immobilization (EPS, frustulins), antioxidant (SOD, CAT) and detoxifying (GSTs) enzymes activity and using 
low molecular weight antioxidants (GSH). These mechanisms are fuelled by a higher energy production (ETS 
activity, use of sugars and lipids). At the highest Cu concentration (10 µg/L), these metabolic processes were 
specially enhanced in an attempt to restrain the oxidative stress generated by high intracellular Cu 
concentrations. However, these mechanisms were not able to fully protect cells, and damage in membranes 
and proteins occurred. Moreover, the decrease of hydroxylamine and unsaturated FA and the increase of 
saturated FA, 2-palmitoylglycerol, glycerol and diterpenoid compounds should be tested as new specific 
markers of Cu toxicity in future studies. This information can support the prediction of diatom behaviour in 
different Cu contamination levels, including highly impacted environments, such as mining scenarios, and may 
help develop new indices, taking into account species’ tolerance strategies and assist in environmental risk 
assessment policies. 
 
Keywords: Copper, algicides and fungicides, diatoms, physiological indicators, metabolomics 
 
 
1. Introduction: 
Metal excess remains one of the most 
noteworthy anthropogenic-caused stress 
factor in aquatic ecosystems (Allan and 
Castillo, 2007; Millennium Ecosystem 
Assessment, 2005; Ritter et al., 2008). Copper 
(Cu), in particular is released to the 
environment by different sources, mainly 
mining and agriculture (Hogsden and Harding, 
2012; Johnson and Hallberg, 2005). CuSO4 is 
frequently used to control fungal infections in 
crops, for example in vineyards, due to its 
fungicide properties (Viana and Rocha, 2005). 
Applications of CuSO4 usually end up draining 
in the surrounding waters, increasing the 
concentrations of soluble Cu ions, with serious 
impacts on photosynthetic microorganisms 
(Jamers et al., 2013a).   
Diatoms are one of the most important group 
of algae, they not only are represented and 
often dominant in a diverse range of habitats 
(Hoek et al., 1995) but are also considered 
useful as indicator species by the Water 
Framework Directive, WFD (Directive 
2000/60/EC)  (Kelly et al., 2009, 2012). The 
shift of the species composition due to 
changes in the environment is commonly used 
to evaluate water quality in monitoring 
programs (Kelly et al., 1998; Lavoie et al., 
2008; Teittinen et al., 2015). However, 
common diatom-based monitoring programs 
do not include metal contamination, thus it is 
necessary to develop tools to help evaluating 
and monitoring efficiently the stress caused by 
metals in aquatic ecosystems. It has been 
shown that diatom cell size and deformities 
might be good indicators of metal pollution 
(Ferreira da Silva et al., 2009; Ivorra et al., 
2002; Luís et al., 2014, 2009; Morin et al., 
2012; Pandey and Bergey, 2016) and several 
studies reported biochemical and 
physiological effects of metals on freshwater 
communities (Bonet et al., 2013, 2012; Branco 
et al., 2010; Corcoll et al., 2012; Leguay et al., 
2016; Santos et al., 2013). Nevertheless, 
these previous works do not have a good 
understanding of the cellular processes under 
high metal conditions or how the observed 
metal tolerance of certain diatom strains is 
established (Ivorra et al., 2002) and the tools 
used are not specific for metal stress 
assessment. 
 
Specifically to Cu, there is much literature 
evaluating the effects in algae including 
diatoms performed in marine species 
(Contreras et al., 2005; Debelius et al., 2009; 
Florence et al., 1983; Mallick, 2004; Nielsen 
and Wium-Andersen, 1970; Rijstenbil et al., 
1994; Ritter et al., 2010, 2008; Stauber and 
Florence, 1987; Torres et al., 2008)  and only 
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a few works report effects on freshwater algae 
species ( Knauert and Knauer, 2008; Nielsen 
and Wium-Andersen, 1970; Tripathi et al., 
2006). Most of these studies have been done 
in the seventies and eighties, using very high 
concentrations of Cu (in the range of mg/L to 
hundreds µg/mL (Bringmann and Kühn, 1980; 
Brown and Rattigan, 1979; Elder and Horne, 
1978; Laube et al., 1980; Nielsen and 
Laursen, 1976; Nielsen and Wium-Andersen, 
1970; Walbridge, 1977; Young and Lisk, 
1977) and evaluating mostly physiological and 
biochemical parameters in separate. 
Recently, Jamers et al. (2013) described the 
response of Chlamydomonas reinhardtii to Cu 
toxicity using a not very succeed 
transcriptomics and metabolomics integrated 
approach (Jamers et al., 2013a). 
In European streams, mean Cu 
concentrations vary between 0.23 µg/L to 14.6 
µg/L (Salminen et al., 2005). However, in 
highly polluted sites such as mining areas, the 
concentrations may reach the mg/L range 
(Larson, 2010). In Sweden, concentrations 
above  12 µg/L are considered “less than good 
ecological status” (HVMFS, 2016). If the Cu 
concentration in the water phase is less than 
12 µg/L, but higher than 0.5 µg/L, a model 
must be used to calculate the bioavailable Cu, 
and if the bioavailable Cu is higher than 0.5 
µg/l the streams is also classified as “less than 
good” (HVMFS, 2016).  
Cu is however also an essential micronutrient 
(Festa and Thiele, 2011), having important 
biological functions such as being a cofactor 
of metalloenzymes, such as the Cu/Zn 
Superoxide dismutase (SOD) or a component 
of photosynthesis, and electron carrier 
plastocyanin (Borowitzka et al., 2016; Jamers 
et al., 2013b; Peers and Price, 2006). 
Chloroplasts and mitochondrial activities 
naturally form reactive oxygen species ROS 
(Mallick, 2004) and thus cells are provided 
with mechanisms to scavenge ROS, such as 
enzymes (SOD and Catalase, CAT) and 
molecules (Glutathione) with antioxidant 
activity and to minimize their toxicity such as 
biotransformation enzymes (Glutathione-S-
transferases GSTs) (Mallick and Mohn, 2000).  
Excessive Cu concentrations can trigger 
these cellular defence responses as well 
(Virgilio Perales - Vela et al., 2006). 
Additionally other mechanisms to minimize 
metal toxicity as extracellular immobilization 
(exopolysaccharides and frustulins), 
restriction of metal ions transport into the cell, 
intracellular precipitation and chelation 
(Branco et al., 2010; Figueira et al., 2014; E. 
Pinto et al., 2003; Regoli and Giuliani, 2014). 
When these mechanisms fail to reduce ROS, 
oxidative stress overcomes, compromising 
not only membrane integrity (lipid 
peroxidation, LPO) (Mallick, 2004; Mallick and 
Mohn, 2000) but also interacting with nucleic 
acids and proteins (Protein carbonylation, 
PC), damaging inflicted cells (Regoli and 
Giuliani, 2014; Tripathi et al., 2006) 
The induction of defense mechanisms  and 
damage can be monitored and used as 
biomarkers of oxidative stress (Branco et al., 
2010; Figueira et al., 2014; Santos et al., 
2013). However, these markers are common 
to all conditions that may induce oxidative 
stress, such as UV light, pesticides, organic 
compounds, pharmaceuticals and metals. 
Thus, parameters that specifically mark metal 
toxicity and Cu effects would have/be of great 
relevance to contaminants assessing and 
evaluation in multi-impacted environments, 
where becomes hard to evaluate the 
contribution of each contaminant to the overall 
impact observed. Metabolite profiling analysis 
has until now been focused on the 
identification of algae metabolites with 
economic value (Jamers et al., 2009), these 
studies are still rare but growing (Johnson et 
al., 2017). The metabolite profiling approach 
is a powerful tool to characterize organisms’ 
cellular response to environmental stress 
stimuli, by identifying and quantifying changes 
in metabolites from cellular processes,  
elucidating  the metabolic pathways involved 
in the response to a specific stress 
(Borowitzka et al., 2016; Heydarizadeh et al., 
2013; Jamers et al., 2009; Viant, 2009).    
The use of biochemical, physiological and 
Omics analysis combined with other 
commonly used strategies can evaluate more 
accurately the impacts of stressors such as 
Cu in freshwater ecosystems than common 
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practise strategies alone (Branco et al., 2010; 
Dyhrman et al., 2012; Jamers et al., 2013a, 
2009; Morelli and Scarano, 2001; E. Pinto et 
al., 2003; Rijstenbil et al., 1994). 
Diatoms are ecologically relevant to study the 
effects of impacted habitats and the use of 
diatoms as indicators is one of the research 
lines for limnologists (Ferreira da Silva et al., 
2009; Ivorra et al., 2002; Jamers et al., 2013a; 
Luís et al., 2014, 2009; Pandey and Bergey, 
2016). Until now research produced 
deliverables, such as indices, that essentially 
evaluate organic contamination, nonetheless 
other factors (metals, global warming, 
pharmaceuticals or nanomaterials) are or will 
become perturbation factors on freshwater 
ecosystems and new approaches are needed 
to detect and minimize their effects.   
Given the context presented, this study aims 
to explore the responses of the freshwater 
diatom Tabellaria flocculosa (Roth) Kutzing 
1844 (TFLO) to environmentally relevant Cu 
exposition, using a multidimensional 
(biochemical, physiological and metabolomic) 
approach. Experiments were carried out using 
TFLO isolated from a stream with 6.2 µg Cu/L 
and pH 5.0 and exposing diatom cells to Cu 
concentrations representing environments 
with low (0.3 µg/L) to relatively high Cu 
contamination (10 µg/L). The parameters 
include growth, cell damage (LPO and PC), 
physiological alterations (proteins, EPS, 
frustulins, electron transport system (ETS)), 
antioxidant and biotransformation response 
(SOD, CAT and GSTs), Glutathione content 
(GSH, GSSG) and metabolite profiling by Gas 
Chromatography- Mass Spectrometry (GC-
MS).To our knowledge, such an integrated 
approach of studying Cu tolerance 
mechanisms of freshwater benthic diatom by 
exposing it to Cu concentrations relevant for 
European streams was never carried out 
before, and our results might be used to 
specify new and specific markers of Cu 
toxicity.   
 
2. Material & Methods:   
2.1 Region characterization, diatom 
isolation, cultivation and growth 
determination: 
Dalarna, a geographical region in Sweden, is 
known for metal exploitation  (Larson, 2010).  
The region contains old (approx. 1000 years) 
and new mines and an history of mine 
effluents draining on the surrounding waters 
(Larson, 2010). According to the report from 
Dalarna’s Administration County Board 
(2010), in some river sites water Cu 
concentrations may be above 580 µg/L, with 
maximum measured values of 1800 µg/L.  
The species used for this study, Tabellaria 
flocculosa,  was isolated from a stream in this 
region with 6.2 µg Cu/L  and water pH~5 
(water parameters summarized in 
supplementary table 1S) (Larson, 2010). The 
isolation of a single cell was made by 
micropipette technique to agar plates 
(Andersen, 2005; Round et al., 1990) followed 
by transference to WC liquid medium (Guillard 
and Lorenzen, 1972). TFLO culture is now 
part of the SLU diatom culture collection. 
The strain was pre-cultured in WC medium at 
pH 5, until exponential growth was reached. 
Cells at exponential growth were used for Cu 
experiments by transferring approximately 
250 000 cells to new sterile flasks containing 
250 ml of WC modified medium (1000 
cells/ml), supplemented with different Cu 
concentrations. At the end of exposure time, 1 
mL of each Erlenmeyer was preserved with 
Lugol’s solution for cell counting. Cell density 
was measured by direct counting in a 
Neubauer chamber using Nikon Eclipse 80i 
microscope.  
The experiments were performed at 20 ± 2 °C 
with a 12 h/12 h light/dark cycle at 75 
μmol/m2/s in WC medium, with nominal Cu 
concentrations of 0, 0.3, 6 and 10 µg/L (added 
as CuSO4) during 96h. The WC medium was 
modified by using 1/10 of the EDTA/trace 
metal solution to ensure that the added zinc 
would be present mainly as free ions instead 
of chelated by EDTA (calculations done by 
Visual MINTEQ ver. 3.0). Cu concentration in 
WC medium alone (control) was 1 µg/L. 
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The concentrations of Cu exposure where 
chosen considering modelled values 
(Salminen et al., 2005), measured 
concentrations in the Swedish national 
monitoring system of reference sites (HVMFS, 
2016), measured concentrations in mining 
impacted areas and recommendations for 
threshold values for risk assessment of Cu 
(e.g. Larson 2010). Measured concentrations 
in the Swedish national monitoring system of 
reference sites are on average 0.5 µg/l, values 
up to 3 µg/l in non-impacted streams are not 
uncommon (HVMFS, 2016), which fits quite 
well with our nominal control concentration of 
Cu in the WC medium (1 µg/L). Cu 
concentration of 0.3 µg/L was chosen as 
median concentration occurring in European 
streams, and 6 and 10 µg Cu/L as 
concentrations commonly noted in metal 
contaminated streams  (Salminen et al., 
2005). Selection 10 µg Cu/L and not higher 
concentrations ensured still sufficient biomass 
for analyses, and not a total growth inhibition 
of TFLO.  
2.2 Cu quantification: 
Cell cultures were centrifuged at 5000 rpm for 
15 min. Cell pellets were resuspended in 
deionized water, vortexed and centrifuged 
again. The washing procedure was repeated 
two more times to ensure the removal of all 
the Cu from the culture medium. Cell pellets 
were resuspended in 1ml of potassium 
phosphate buffer (50 mM pH 7.0, 1mM EDTA, 
1% (v/v) Triton X-100, 1% (w/v) PVP, and 
1mM DTT) and ultra-sonicated for 20 s at 0.5 
cycles. The suspension was centrifuged at 
10,000×g at 4 ◦C for 10 min and supernatant 
collected. HNO3 65% (100µl) was added to 
the supernatant and deionized water was 
added until a final volume of 5 ml was 
reached.  Cu cytosolic concentrations were 
quantified by ICP-MS. 
 
2.3 Lipid peroxidation (LPO) 
LPO was measured by quantification of 
thiobarbituric acid reactive substances 
(TBARS), according to the protocol described 
by Buege and Aust (1978). TFLO cells were 
harvested and washed as described in section 
2.2. The pellet was suspended in TCA (20%), 
sonicated and centrifuged as in section 2.2. 
Absorbance was measured at 535 nm (Ɛ = 
1.56 × 105/M.cm). Results were expressed in 
µmol of MDA equivalents per million cells 
(µmol MDA/M cells). 
2.4 Proteins 
Intracellular proteins (Prot) 
Protein concentration was measured following 
the method described by Spector, (1978). 
TFLO cells were harvested, washed and 
supernatant was extracted as described in 
section 2.2. Protein quantification was made 
at 595 nm using bovine serum albumin (BSA) 
as standard. Results were expressed in 
milligram protein per million cells (mg 
protein/M cells). 
Frustulins (Frust) 
Frutulins’ extraction was prepared as 
described by Kröger et al., (1994) and 
adapted by Santos et al. (2013). Harvested 
and washed cells (section 2.2) were 
resuspended in 3 ml of EDTA (0.1 M pH 7.8) 
and incubated overnight, at 4ºC under 
agitation (150 rpm). Incubated cells were 
centrifuged (9000xg, 2 min, at 4ºC) and the 
supernatant absorbance read at 280nm (C 
(mg/L) = Abs 280 nm/ light path (cm)) (Noble 
and Bailey, 2009). Results were expressed in 
µg protein per million cells (µg protein/M 
cells). 
 
2.5 Protein carbonylation (PC) 
Carbonyl groups (CG) in proteins were 
quantified based on the method described by 
(Mesquita et al., 2014). In the same cell 
extracts used for intracellular protein 
determination, the amount of CG was 
quantified spectrophotometrically at 450 nm 
(Ɛ = 22 308/M.cm) and results were 
expressed in nmol of CG per million cells 
(nmol CG/M cells). 
 
2.6 Electron chain transport system activity 
(ETS) 
ETS activity was measured based on (King 
and Packard, 1975) method and using the 
modifications described by (De Coen and 
Janssen, 1997). Cells were harvested and 
washed as in section 2.2. Pelleted cells were 
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sonicated and centrifuged as in section 2.2. 
The absorbance was read at 490 nm. The 
amount of formazan formed was calculated 
using the molar extinction coefficient of 
formazan (15900/M.cm) and the results were 
expressed in µmol of formazan per million 
cells (µmol/M cells). 
 
2.7 Attached and non-attached 
exopolysaccharides (EPS) 
Undisturbed culture medium (non-attached) 
and cell attached EPS were determined using 
(Staats et al., 2000) procedure adapted by 
Santos et al. (2013). Attached and non-
attached EPS were determined by the phenol-
sulphuric acid colorimetric method (DuBois et 
al., 1956). The absorbance was measured at 
490 nm using sucrose as standard. Results 
were expressed in µg saccharides per million 
cells (µg/M cells). 
 
2.8 Antioxidant response: 
Superoxide dismutase activity (SOD) 
Harvested and washed cells (section 2.2) 
were resuspended in extraction buffer (50 mM 
potassium phosphate, pH 7.0, 1mM EDTA, 
1% (v/v) Triton X-100, 1% (w/v) PVP, and 
1mM DTT) and ultra-sonicated for 20 s at 0.5 
cycles. The extract was centrifuged at 
10,000×g at 4ºC for 10 min. The method of 
(Beauchamp and Fridovich, 1971)  was 
followed with slight modifications (Branco et 
al., 2010). The absorbance was measured at 
560 nm using a standard curve with SOD 
standards. Results were expressed in enzyme 
units per million cells (U/M cells). 
 
Catalase activity (CAT) 
Cell extract was obtained using the procedure 
described for SOD. CAT activity was 
determined by the method of (Johansson and 
Håkan Borg, 1988) adapted by Branco et al. 
(2010).  The absorbance was measured at 
540 nm using formaldehyde standards. 
Results were expressed in milliunits per 
million cells (Mu/M cells). 
 
Glutathione S-transferase activity (GSTs) 
Cell extract was obtained using the procedure 
described for SOD. GSTs activity was 
determined by the method of (Habig and 
Jakoby, 1981) using CDNB (2,4-
Dinitrochlorobenzene) as substrate.  The 
thioether (Ɛ =9,6/mM. cm) can be monitored 
by the increase of absorbance at 340nm.  
Results were expressed in milliunits per 
million cells (mu/M cells).  
 
Glutathione content 
Cell extract was obtained using the procedure 
described for SOD, but cell pellet was 
suspended in extraction buffer [0.1% Triton X-
100, 0.6% sulphosalicylic acid in KPE buffer 
(0.1M phosphate buffer, 5Mm EDTA, pH= 
7.5).  Glutathione content was quantified as 
described by (Rahman et al., 2006). GSH and 
total GSH were determined by measuring at 
412 nm the TNB (2-nitro-5-thiobenzoate) 
formed. Oxidized glutathione was estimated 
by GSSG=(GSHT-GSH), since one molecule 
of GSSG is formed by the oxidation of two 
GSH.  Results were expressed in nmol GSH 
or GSSG per million cells (nmol/M cells). 
 
2.9  Metabolite profiling by GC-MS 
The metabolic profile was evaluated using the 
Instrument Pegasus HT with the Column 30 m 
× 0.25 mm fused-silica, 0.25-μm DB 5-MS UI 
during run time of 22.5 minutes. 
 
Sample preparation 
Sample preparation was performed according 
to Gullberg et al. (2004) using 300 µL of 
extraction buffer (20/20/60 v/v 
chloroform:water:methanol) including internal 
standards which were added to 1 million TFLO 
cells. At the end of the procedure, 250 µL of 
supernatant was transferred to a microvial and 
solvents were evaporated. 
 
Derivatization 
Derivatization of the previous samples was 
performed according to Gullberg et al. (2004) 
using a volume of 7.5 µL of methoxyamine, 
MSTFA and of methyl stearate solution 
instead of 30 µL. 
Analysis  
Gas chromatography with mass spectrometry 
analysis was performed as described 
previously (Gullberg et al., 2004; Nordström 
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and Lewensohn, 2010). In detail, 1 µL of the 
derivatized sample was injected splitless (or 
split 1:20) by an CTC Combi Pal Xt Duo (CTC 
Analytics AG, Switzerland) autosampler/robot 
into an Agilent 7890A gas chromatograph 
equipped with a 30 m × 0.25 mm i.d. fused-
silica capillary column with a chemically 
bonded 0.25 μm DB 5-MS UI stationary phase 
(J&W Scientific, Folsom, CA). 
The injector temperature was 260 °C, the 
purge flow rate was 20 mL/min, and the purge 
was turned on after 75 seconds. The gas flow 
rate through the column was 1 mL/min, and 
the column temperature was held at 70 °C for 
2 minutes, after increased 20 °C/min until 320 
°C, and held at 320ºC for 8 minutes. The 
column effluent was introduced into the ion 
source of a Pegasus HT time-of-flight mass 
spectrometer, GC/TOFMS (Leco Corp., St 
Joseph, MI). The transfer line and the ion 
source temperatures were 250 and 200 °C, 
respectively. Ions were generated by a 70 eV 
electron beam at an ionization current of 2.0 
mA, and 20 spectra s-1 were recorded in the 
mass range m/z 50−800. The acceleration 
voltage was turned on after a solvent delay of 
290 seconds. The detector voltage was 1500-
2000V. 
Data analysis  
MS-files from the obtained metabolic analysis 
were exported from the ChromaTOF software 
in NetCDF format to MATLABÔ R2011b 
(Mathworks, Natick, MA, USA), where all data 
pre-treatment procedures, such as base-line 
correction, chromatogram alignment, data 
compression and Hierarchical Multivariate 
Curve Resolution (H-MCR), were performed 
using custom scripts according to (Jonsson et 
al., 2006). The extracted mass spectra were 
identified by comparisons of their retention 
index and mass spectra with libraries of 
retention time indices and mass spectra 
(Schauer et al., 2005). All multivariate 
statistical investigations (PCA, OPLS-DA) 
were performed using the software package 
SIMCA version 13.0.2 (Umetrics, Umeå, 
Sweden). Identification of compounds was 
based on comparison with mass spectra 
libraries (in-house database) as well as 
retention index. 
 
2.10 Statistical analysis 
Hypothesis testing was performed by 
Permutation Multivariate Analysis of Variance 
(PERMANOVA) (Anderson et al., 2005). All 
data analysis was performed with the software 
PRIMERv6 (Clarke and Gorley, 2006)  with 
the add-on PERMANOVA+ (Anderson et al., 
2008). To run the PERMANOVA tests we 
considered 9999 Monte Carlo permutations 
and pairwise comparisons between Cu 
conditions. Our null hypothesis was: the 
increase of Cu concentration does not cause 
TFLO response. This hypothesis was tested 
for all parameters described in section 2, 
including metabolomic analysis. Values of p ≤ 
0.05 revealed that the groups differed 
significantly, indicated in figures by different 
lowercase letters. 
Matrix gathering the biomarker responses was 
used to calculate the Euclidean distance 
similarity matrix. The data used to calculate 
the matrix was previously normalized and 
transformed (square root). The matrix was 
then simplified through the calculation of the 
distance among centroid based on the 
condition and then submitted to ordination 
analysis, performed by Principal Coordinates 
(PCO). Spearman correlation vectors (r> 
0.95) of biochemical responses of TFLO cells 
were superimposed on the top of the PCO 
graph. 
 
3. Results 
3.1 Growth  
Exposition to Cu for 96h induced significant 
growth differences only at the highest 
concentrations (6 and 10 µg/L), with 
approximately 50% and 70% of growth 
inhibition, respectively. Although not 
significant (p>0.05), at 0.3 µg/L, cells showed 
a 25% growth decrease compared to the 
control (Figure 1). 
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Figure 1 - Growth of Tabellaria flocculosa 
(cells/mL) exposed for 96h to different Cu 
concentrations. Values are means (+ standard 
deviation) of 12 independent experiments. 
Lowercase letters indicate significant differences 
between zinc exposures p<0.01. 
3.2 Cu concentration  
In the cytosol Cu was under detection limit 
(<0.04 µg/L) for control (0) and 0.3 µg/L 
conditions, despite the growth medium 
contained Cu concentrations higher than 1 
µg/L (Figure 2). However, when growth 
medium was supplemented with 6 or 10 µg /L 
cytosolic Cu concentrations were 0.04 and 
0.18 µg/M cells. Thus, in cells grown, at 10 
µg/L, intracellular Cu increased 4.5-fold 
compared to the 6 µg/L treatment. 
  
Figure 2 - Intracellular Cu concentrations 
(µg/M cells) in TFLO exposed for 96h to 
different Zn concentrations. Values are means 
(+ standard deviation) of 2 independent 
experiments. Lowercase letters indicate 
significant differences between zinc 
exposures p<0.05. 
 
3.3 Cell damage: LPO and CP 
LPO tended to increase as cells were exposed 
to higher Cu concentrations (Figure 3A). 
Moreover, differences are significant (p>0.05) 
between the two lowest concentrations (0.3 
and 6 µg/L) and the control. The highest levels 
of LPO were recorded, at 10 µg/L, these levels 
are significantly higher compared to control 
(4.5-fold) and to 0.3 and 6 µg/L (~2-fold). 
An increasing trend of PC is also observed 
when cells were exposed to higher increasing 
Cu concentrations. At 0.3 µg Cu/L, no 
significant differences were observed 
compared to control (0). However, PC 
increased 2-fold at 6 µg/L, compared to 0 and 
0.3 µg/L, and 3-fold at 10 µg/L (Figure 3B).  
3.4 Physiological parameters: Proteins, ETS, 
EPS and Frustulins  
TFLO cells did not show significant 
differences in protein content among all tested 
conditions. However, cells grown at 6 µg/L 
had a 3-fold increase compared with the other 
two conditions (Figure 4A).  
Control and 0.3 µg/L conditions presented 
similar levels of ETS activity (Figure 4B).  
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Increases were observed at higher Cu 
concentrations. At 6 and 10 µg Cu/L, 
significant increases compared with 0 and 0.3 
µg/L were observed. The highest ETS activity 
was observed at 10 µg Cu/L, with a 4-fold 
increase compared to 0 and 0,3 µg/L.   
The production of EPS attached and non-
attached to the frustule showed that non-
attached represented less than 1% of total 
Figure 3 - Damage of TFLO exposed for 96h to different Cu concentrations. A) Lipid peroxidation, LPO 
(µmol MDA eq/M cells) and B) Protein carbonylation, PC (nmol/M cells). Values are means (+ standard 
deviation) of 2 independent experiments. Lowercase letters indicate significant differences between zinc 
exposures p<0.05.  
 
Figure  4- Physiological responses of TFLO exposed for 96h to different Cu concentrations. A) Total protein, 
Prot (mg/Mcells); B) mitochondrial electron chain activity, ETS (µmol/M cells); C) Attached exopolysaccharide 
substances, EPS (µg/M cells) and D) Frustulins’, Frust (µg protein/M cells). Values are means (+ standard 
deviation) of 4 independent experiments. Lowercase letters indicate significant differences between zinc 
exposures p<0.05.  
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EPS, therefore they were considered not 
significant and were not presented. Attached 
EPS increased significantly in all Cu 
exposures compared to control. At 0.3 and 6 
µg/L, EPS increased 3 and 9-fold, 
respectively. However, the highest increase 
was observed at 10 µg/L (33 to 98-fold) 
(Figure 4C). 
Frustulins showed an increasing trend as Cu 
concentrations in the medium increased, but 
no significant changes were detected among 
0, 0.3 and 6 µg Cu/L (Figure 4D). However, at 
10 µg/L, a significant increase compared with 
the remaining conditions was found.  
3.5 Antioxidant and Biotransformation 
Response 
Variation of SOD activity trend was similar to 
proteins with highest values recorded at 6 
µg/L. No significant differences were found 
between 0 and 0.3 µg/L. Activity changed 
significantly compared to control at 6 µg/L (4-
fold increase) and 10 µg Cu/L (2-fold 
decrease) (Figure 5A).  
Figure 5 - Antioxidant response of TFLO exposed 
for 96h to different Cu concentrations. Superoxide 
dismutase SOD, Catalase CAT, Glutathione S-
transferases activity, Glutathione reduced GSH and 
oxidized GSSG. Values are means (+ standard 
deviation) of 2 independent experiments. 
Lowercase letters indicate significant differences 
between zinc exposures p<0.05. 
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CAT activity increase with the increasing Cu 
concentrations. Between 0 and 0.3 µg/L and 6 
and 10 µg/L no significant differences were 
observed. However, a 2 to 3-fold increase 
separates the lowest Cu (0 and 0.3 µg/L) from 
the highest (6 and 10 µg/L) concentrations.  
GSTs activity (biotransformation response) 
also showed and increasing trend as Cu 
concentrations are higher, with significant 
differences at 6 (2-fold) and 10 µg/L (3.5-fold) 
(Figure 5C). 
Glutathione (GSH e GSSG) was induced by 
Cu. However, the increases at the lowest Cu 
concentrations (0.3 µg/L) were not 
significantly different from control (Figures 5D 
and 5E). Significant increases in GSH and 
GSSG were observed at higher Cu 
concentrations compared to control and 0.3 
µg/L (Figure 5E).  
3.6 PCO biochemistry analysis   
Centroids ordination diagram (PCO) resulting 
from applying a multivariate analysis to the 
biochemical determinants for each condition 
tested (0, 0.3, 6 and 10 µg Cu/L) evidences 
PCO1 as the main axis (85,8%) explaining the 
variation obtained between conditions. Along 
PCO1, three groups are clearly separated, 0 
and 0.3 µg/L on the negative side, 6 µg/L close 
to the PCO2xis and 10 µg/L on the positive 
side of the axis. The PCO2, explained 12,9% 
of total variation, separating 6 µg/L in the 
positive side from the other three conditions at 
the negative side of the axis. From PCO 
analysis it is possible to observe that SOD 
activity was strongly correlated (r=0.92, PC2) 
with 6 µg/L and PC (r=0.94), ETS (r=0.96), 
GSSG (r=0.97) and LPO (r=0.97) were highly 
correlated with 10 µg/L. Indeed, these four 
parameters increased at 10 µg Cu/L 
compared with the other two conditions. 
3.7 Metabolomics analysis 
Metabolomics analysis was able to separate 
123 compounds (Supplementary table 2S), 
from these, only 102 compounds were 
statistical significant and thus only those were 
analysed. The sum of the peak area of all the 
compounds (123) showed a slight and not 
significant increase from 0 to 0.3 µg/L. 
However, at 6 µg/L, a significant increase was 
observed compared to the remaining 
conditions. At 10 µg/L, total peak areas were 
not significantly different from 0 and 0.3 µg/L 
condition (Figure 7A).  
The analysis of the compounds with 
significantly different peak areas between 
conditions (Figure 7B) showed that the 
number of compounds variating between 
conditions was lower at 0 - 0.3 µg/L, 0.3 - 10 
µg/L and 6 - 10 µg/L (<40). On the other hand, 
the higher variations were observed at 0 - 6 
µg/L (87), 0 - 10 µg/L (73) and 0.3 - 6 µg/L 
(72). These results evidence that the 6 µg/L 
condition had many compounds changing 
peak areas relatively to the conditions with 
lower Cu concentrations (0 and 0.3 µg/L). 
Although the total peak area at 10 µg/L 
condition was similar to 0 and 0.3 µg/L, a 
higher number of compounds was differing 
between 0 - 10 µg/L treatments than for the 0 
– 0.3 µg/L and 0.3 – 10 µg/L. The number of 
compounds differing between 10 µg/L and 0.3 
or 6 µg/L was much lower (<46) than other 
condition pairs.    
From the 102 compounds showing differences 
between conditions, 13 were not considered 
for the analysis of chemical families (Figure 
7C) since their identification was not possible. 
The remaining 89 were divided by chemical 
families.  Lipids, N-compounds and terpenoids 
were the most representative families (Figure 
7C). The lipid percentage is similar among 0, 
0.3 and 6 µg/L conditions, increasing 20 % at 
10 µg/L. The sugar percentage increased at 
the highest Cu concentration compared with 
other conditions. The percentage of N- 
compounds decreased between the control 
and the remaining conditions. Terpenoid 
compounds increased from 0 to 6 µg/L and 
decreased steadily between 6 and 10 µg/L 
(Figure 7C).  
The total peak area for each chemical family 
of compounds is presented in Figure 8. For 
each condition, the variation at each Cu 
concentration compared to control of the most 
biologically relevant compounds is also 
presented (c.f. Figure 8). Other compounds 
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were identified as well (Supplementary table 
2S). 
The total peak of lipids increased steadily with 
Cu concentrations. Total peak areas 
differences are not significant between 6 and 
10 µg/L, but these two conditions have 
significant higher lipid areas than 0.3 µg/L and 
especially 0 µg/L (Figure 8A). Several types of 
lipids, such as: saturated, unsaturated, cyclic, 
branched and glycerol derivate were 
identified. Twenty-one saturated and 12 
unsaturated where identified but the total area 
of both classes was similar at 0, 0.3 and 6 µg/L 
(Supplementary table 2S). At 10 µg/L, the 
unsaturated lipids decreased 30% compared 
with the saturated lipids. The lipid compounds 
presented are fatty acids (FA) with 10 to 22 
carbons displayed two variation trends some 
increased total area at 0.3 and 6 µg/L followed 
by a decrease at 10 µg/L. These are generally 
unsaturated lipids, the other increased with Cu 
exposure specially at 6 and 10 µg/L, mostly 
saturated lipids and the unsaturated FA 
Myristoleic acid. Myristoleic acid, 1-
Hexadecanol, Eicosanoic acid and 2-
palmitoylglycerol displayed the more 
expressive increases at higher Cu 
concentrations. Indeed, these compounds 
show a 12.5, 5.9, 2.7 and 22.9-fold increase, 
respectively, compared to control (c.f. Figure 
8A).  
Although the number of N-compounds 
decreased with Cu, the total peak areas were 
similar between 0 and 0.3 µg/L and increased 
at 6 µg/L and decreasing at 10 µg/L (Figure 
8B). About 58% of the N-compounds showing 
variations were amino acids. All the amino 
acids presented maximum area at 6 µg/L and 
some decreased to values lower than the 
control, from 6 to 10 µg Cu/L.  Serine was the 
only amino acid increasing for all the Cu 
exposures compared to control. Arginine and 
Lysine (both positively charged) and 
Glutamine (polar amino acid) evidenced the 
more expressive decreases compared to 
control (c.f. Figure 8 B). The non-amino acid 
N-compound, hydroxylamine decreased at all 
Cu exposures with a steady decrease along 
increasing Cu concentrations and 
pyroglutamic acid showed a modest increase 
at 6 and 10 µg/L compared to control (c.f. 
Figure 8B).    
The total peak area of sugar related 
compounds showed an increasing trend with 
Cu concentrations, not significant at 0.3 µg/L 
but significant at 6 and 10 µg/L compared to 
control (Figure 8C). However, in this group 
distinctive variations were observed. 
Exposure to Cu increased glycerol compared 
to control (1.2 to 7.1-fold).  Sucrose showed a 
slight decrease at 0.3 µg/L compare to control 
and increased 2.5 to 3.3-fold at 6 and 10 µg/L, 
respectively. Other disaccharides and 
trisaccharides increased at 0.3 and 6 µg/L and 
decreased at 10 µg/L, and the disaccharide 
cellobiose showed a 20-fold increase at 6 and 
10 µg/L conditions compared to control. 
Identified terpenoids included diterpenoids, 
steroids and sterols (Figure 8D). The total 
peak area of terpenoids followed a similar 
trend of N-compounds, increasing until 6 µg 
Cu/L   and decreasing from 6 to 10 µg/L, with 
peak area at 10 µg/L not being significantly 
different from control condition (c.f. Figure 
8D). Several sterols followed this trend. The 
most abundant terpenoids (highest peak 
areas) are diterpenoids, all showing small 
increases at 0.3 µg/L (2-fold) and a 5 to 26-
fold increase at 6 and 10 µg/L compared to 
control. Phytol, a linear terpenoid component 
of chlorophylls, increased at 0.3 and 6 µg/L in 
relation to control but showed a small 
decrease at 10 µg/L (c.f. Figure 8D).  
Some compounds were identified that did not 
belong to any of the mentioned chemical 
families. The overall trend of the peak areas of 
these compounds is similar to N-compounds 
and terpenoids.  For tris(2,4-di-tert-
butylphenyl) phosphate, an increasing trend 
was recorded for all Cu concentrations 
compared to control. Glutaric acid also 
increased with Cu gradient (1.4 to 2.9-fold) 
but, for GABA, increases were noticed for 0.3 
and 6 µg/L (1.2 and 2.4) followed by a 
decrease at 10 µg/L compared to control (c.f. 
Figure 8E).  
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Figure 6  - Principal Coordinates with Centroids ordination (PCO) of TFLO exposed for 96h to different Cu 
concentrations (0, 0.3, 6 and 10 µg/L). Pearson correlation vector super imposed lipid peroxidation, LPO, protein 
carbonylation (PC) Superoxide dismutase (SOD), oxidized (GSSG) Glutathione and Electron transport activity 
(ETS) concentrations (r>0.99). 
 
Figure 7 Metabolomic analysis of TFLO exposed for 96h to different Cu concentrations (0, 0.3, 6 and 10 µg/L).  A) Total peak area 
from 123 compounds, B) Number of compounds differing significantly (p<0.05) between conditions and C) Distribution of compounds 
by chemical family. Values are means (+ standard deviation) of 1 independent experiment. 
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4. Discussion 
In this study we assessed the impact of Cu on 
diatoms by analysing biochemical and 
metabolomic alterations, as approaches to 
detect and minimizing the effects of metals 
and new factors that might disturb freshwater 
ecosystems. The TFLO tolerance to Cu was 
relatively high compared to earlier 
assumptions that TFLO in general is sensitive 
to metals (Soizic Morin et al., 2008). Our strain 
was isolated from a stream with 6.2 µg/L and 
this should possess efficient tolerance 
mechanisms allowing to survive at this 
relatively high Cu concentrations. The 
induction of the antioxidant response both 
enzymatic (SOD and CAT) and molecular 
(glutathione, terpenoids) and extracellular 
metal ions immobilization are important 
features enabling tolerance to metals 
(Hoagland et al., 1993; Sabatini et al., 2009).  
Previous field and mesocomos studies 
showed a decrease in algal abundance with 
Cu concentrations between 5-10 µg Cu/L 
(Leland and Carter 1984) or a reduction in 
diatom species diversity at 30 µg Cu/L 
(Kaufman 1982).  Several other studies 
assessed the effects of Cu exposure in algae 
but most did not used realistic Cu 
concentrations (mg/L range) for European 
streams (Viana and Rocha, 2005).  
Additionally, most of the species used (marine 
Nitzschia closterium and Asterionella glacialis 
(Stauber and Florence, 1987), 
Phaeodactylum tricornutum (Morelli and 
Scarano, 2004; Smith et al., 2014) and 
Ceratoneis closterium (Smith et al., 2014)) 
were marine and will hardly reflect the 
conditions experienced by benthic diatom 
communities in freshwater streams.   
Steeman-Nielsen & Wlum-Anderson (1970) 
were the exception, evaluating the freshwater 
diatom N. palea. Most of the studies evaluate 
Cu effects by EC50 values, growth inhibition 
or reduction and  photosynthetic production 
reviwed in Viana and Rocha  (2005).    
In fact, all these studies negative effects of Cu 
in algae. However, the use of different Cu 
concentrations, species from different habitat 
(marine/freshwater), different exposure 
periods, different experimental set-up and 
evaluation different end points make 
significant to clarify the Cu impact in 
freshwater algae communities.  Especially few 
literature is dedicated to specific alterations, 
such as metabolomic, biochemical and 
physiological alterations. If the three 
approaches were combined in the same 
study, it could be of great value to unravel Cu 
toxicity targets in algae. 
1. Physiological and biochemical 
response 
Extracellular polysaccharides (EPS) 
production was the only biochemical 
parameter significantly increasing at low Cu 
concentrations (0.3 µg/L). At 6 µg Cu/L both 
EPS and frustulins, showed an increasing 
trend, but it was at 10 µg Cu/L that a 
significant increase was observed. Both 
mechanisms have been described in other 
studies as a mechanism of metals tolerance. 
Florence et al., (1983) reported the increase 
of EPS production in the marine diatom 
Nitzschia closterium in response to Cu 
increasing concentrations. The excretion of 
protective extracellular products, as 
polysaccharides, by biofilms seemed to be 
responsible for reducing the sensitivity to Cu 
exposure (Admiraal et al., 1999; Real et al., 
2003; Sabatini et al., 2009). Frustulins 
increased more than 6-fold in N. palea 
exposed to Cd (Santos et al., 2013). However, 
references of frustulins increasing in diatom 
exposed to Cu are not known. In our study, 
EPS and frustulins activation in TFLO appears 
as tolerance strategy to decrease the 
entrance of Cu into cells, protecting cells 
especially at high Cu cocentrations. 
GSH and GSSG contents were also increased 
at the highest Cu concentrations in TFLO (6 
and 10 µg/L). However, decreases in GSH 
content were reported in  Chlamydomonas 
reinhardtii (Jamers et al., 2013a) and Chlorella 
vulgaris (Mallick, 2004) exposed to Cu. 
Glutathione content response seem to vary 
with species used. Stauber and Florence 
Figure 8 Total peak area of chemical families of metabolomic profiling of TFLO cells exposed for 96h to different Cu concentrations (0, 
0.3, 6 and 10 µg/L) and ratio control/ Cu condition of compounds with biological relevance of each family. A) Lipids, B) N-compounds, C) 
Sugar related compounds, D) terpenoids; E) Others. Values are means (+ standard deviation) of 1 independent experiments. Lowercase 
letters indicate significant differences between zinc exposures p<0.05. 
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(1987) evaluated the toxicity of Cu ions and 
other Cu complexes in marine diatoms 
(Nitzschia closterium and Asterionella 
glacialis) and freshwater green algae 
(Chlorella pyrenoidosa. A decrease of GSH 
and GSH:GSSG ratio were observed. 
However, the three species obtained 
differences in the physiologic parameters 
evaluated  in response to different Cu 
concentrations (Stauber and Florence, 1987). 
Moreover, Smith et al. (2014), compared 
glutathione content between Phaeodactylum 
tricornutum and Ceratoneis closterium, 
exposed to Cu (5 to 24 µg Cu/L) during 72h. 
During the exposition, the total glutathione 
increased in P. tricornutum but decreased in 
C. closterium and the GSH (reduced) content 
did not vary in P. tricornutum but decreased in 
C. closterium. Given the antioxidant properties 
of GSH and their involvement in both 
antioxidant (GPx) and biotranformation 
(GSTs) enzymes, the authors hypothesized 
that differences in the sensitivity for Cu 
observed between the two species could be 
related to differences in intracellular 
detoxification strategies, such as glutathione 
synthesis and oxidation status. These results 
confirmed the importance of glutathione in the 
diatom tolerance, helping to support the high 
tolerance of TFLO to Cu. 
 
ROS scavenging mechanisms were not 
activated at 0.3 µg Cu/L and although, Cu was 
not detected intracellularly but, oxidative 
stress was higher than in control and 
significant membrane damage (LPO increase) 
was observed. The activation of these 
mechanisms (SOD, CAT, GSTs, glutathione) 
at 6 µg Cu/L was sufficient to maintain similar 
levels of LPO compared to 0.3 µg/L.  Even 
though at 6 µg Cu/L, protein damage (PC) 
increased significantly (2-fold), the total 
protein content also increased compensating 
the higher damage (Santos et al., 2016). The 
GSTs activity can help the decrease the 
effects of LPO products in cells. Higher 
glutathione concentrations allow higher 
efficiency of cytosolic metal complexation and 
higher availability of substrate for the GSTs 
transformation of aldehydes into less toxic 
compounds, reducing metal deleterious 
effects and contributing for this species 
tolerance.  
The effort to synthesize proteins was 
supported by the increase of amino acids 
showed by the metabolomics analysis. At 10 
µg/L, CAT activity was maintained but SOD 
was severely inhibited, evidencing the higher 
vulnerability of SOD to oxidative stress.  
Previous studies using biochemical 
approaches to assess Cu toxicity also showed 
a general increase of antioxidant activity and 
LPO levels (Mallick, 2004; Rijstenbil et al., 
1994). For example, Morelli et al. (2004) used 
10 µM Cu (635 µg/L) in Phaeodactylum 
tricornutum (during 7h, 24h and 48h) and 
observed an increase in SOD and CAT activity 
and in LPO (Morelli and Scarano, 2004). 
Sabatini et al. (2009), exposing two green 
algae during one week to Cu concentrations 
ranging from 6.2 to 414 µM (394 µg/L to 26 
mg/L) reported increases in protein and GSH 
content and SOD and CAT activity. 
2. Metabolomic response 
At 0.3 µg Cu/L, an increase in the metabolite 
profiling was noticed, even though, only 
significant for lipids, evidencing lipids as the 
most sensitive metabolites to low Cu stress.  
Real et al. (2003), used concentrations of 44 
µg Cu/L in a simple aquatic food chain. The 
biofilm lipid content increased, in agreement 
with what is shown in our study and 
evidencing lipids importance in Cu toxicity. At 
higher Cu stress, our results showed that 
TFLO membrane lipids unsaturation degree 
decreased, decreasing membrane fluidity, but 
also rendering membrane more tolerant to 
oxidation and thus allowing the preservation of 
membrane integrity under oxidative conditions 
(Upchurch, 2008).  The oxidation of fatty acids 
(FA) is generally dependent on the 
unsaturation level, the higher the unsaturation 
the higher the susceptibility to oxidation 
(Richard et al., 2008). The increase in the 
content of docosahexaenoic acid (DHA) and 
decrease of hexadecanoic acid (palmitic acid) 
which are the most and the least susceptible 
to oxidation, respectively (Richard et al., 
2008), were observed in our study and 
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support that Cu induction of a mechanism 
preserving membrane integrity. 
Eicosapentanoic acid (EPA) is an effective 
O2− scavenger and increased at high Cu 
concentrations compared to control.  Both, 
EPA and DHA, where described to scavenge 
ROS (Richard et al., 2008),  and may indicate 
the attempt of TFLO cells to control lipid 
peroxidation and decrease the vulnerability to 
Cu toxicity (Juttner, 2001; Yongmanitchai and 
Ward, 1991).   
At high Cu stress, unsaturated FA are 
oxidized by ROS increasing FA peroxidation 
and their degradation products. Lipid 
peroxidation products are toxic to cells, 
interfering with molecules such as proteins 
(PC) and inactivating enzymes (Birben et al., 
2012). These products are converted in less 
toxic compounds, such as the alcohol 1- 
Hexadecanol by biotransformation enzymes, 
such as GSTs to minimize damage.  
The oxidation of storage lipids in severe stress 
situations, as elevated Cu concentrations, 
increased monoglycerols and glycerol, 
evidencing the low energy status of cells. 
Monoglycerols, as 2-palmitoyl glycerol, are 
derivate from triacyclglycerols oxidation (Du 
and Benning, 2016; Guschina and Harwood, 
2006; Sato et al., 1986; van den Berg et al., 
2006). As diatoms accumulate large amounts 
of storage lipids and lipids are very energetic. 
Their oxidation constitutes an efficient way to 
provide the energy needed to trigger 
mechanisms conferring tolerance to Cu. 
The severe decrease observed in amino acids 
at the high Cu concentrations was consistent 
with the decreasing trend of proteins. 
Specially alanine, valine, glutamine, arginine, 
lysine, which are main constituents and 
precursors of proteins synthesis decreased 
steadily. Real et al. (2003) showed a decrease 
in protein content in stream biofilms exposed 
to metals (Prat et al. (1987), Luderitz and 
Nicklisch (1989)). Jamers et al. (2013) also 
found changes in amino acids when 
Chlamydomonas reinhardtii was exposed to 
different Cu concentrations, for example 
serine decreased. In our study, however, 
serine evidenced an opposite trend, 
increasing as Cu concentrations increased.  
Serine provides methyl groups for DNA 
methylation, thus controlling gene 
transcription (Maddocks et al., 2016) and it is 
also important in proteins with serine residues 
that can be phosphorylated, as kinases, which 
are involved in cell signalling. Thus, the 
increase in serine at high C concentrations, 
evidences cells attempt to fight the stresss 
induced by Cu. In turn, Glutamine suffers 
deamination to glutamate and further to 
glutaric acid for energy production in Krebs 
cycle explaining the increase in glutaric acid, 
observed in our work at higher Cu 
concentrations.  Valine and Arginine feed the 
biosynthesis of secondary metabolites as 
terpenoids (Hildebrandt et al., 2015). 
Hydroxylamine (an analogue of 
hydroxyproline) is a constituent of a fibrous 
protein in the diatom silicified wall (Round et 
al., 1990). Its decrease may be thus related to 
alterations in the frustule such as teratologies. 
In a previous study, it was shown that 
exposure to Cd affected the silicate ordering 
during frustule synthesis, probably by 
interfering with frustule peptides involved with 
diatom biosilification  (Heredia et al., 2012). 
Diterpenoids, some of which have antioxidant 
properties (Ayyad et al., 2011; Foti et al., 
1994; Kabouche et al., 2007), increased as Cu 
concentrations increased. Due tue their 
lipofilic nature, diterpenoids may be able to 
protect membranes from peroxidation and 
render cells more tolerant to Cu toxicity and 
showing to be excellent markers of Cu 
exposure. The decrease of phytol, a 
constituent of chlorophylls, at high Cu 
concentrations may be related to the inability 
of cells of maintaining chlorophyll, synthesis 
(Hildebrandt et al., 2015). Phytol was also 
reported to feed the biosynthesis of 
tocopherols, which are well known lipid 
antioxidants and are able to protect 
membranes from peroxidation (Mach, 2015; 
E. Pinto et al., 2003; Tripathi et al., 2006).  
Tris 2,4 di-tert-butylphenyl phosphate 
increased as TFLO was exposed to increasing 
Cu concentrations. This compound was 
isolated from V. negundo leaves and was also 
reported to have antioxidant properties 
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(Vinuchakkaravarthy et al., 2011), thus the 
increase of this compound is also related with 
the effort of TFLO cells to fight oxidative stress 
generated by Cu. 
Alterations on the metabolic pathways of 
compounds synthesis, enzymes activity or 
extracellular metal ions immobilization are 
processes that require energy, thus it is not 
surprising that at high Cu concentration TFLO 
cells increased significantly the oxidation of 
organic compounds (ETS) to supply the 
energy demand. 
 
5. Conclusions: 
This study generated fundamental knowledge 
that may help to assess the effects of Cu 
realistic concentration using responses at the 
biochemical, physiological and metabolomics 
levels.  The three Cu concentrations texted 
caused different responses in TFLO.  
Cu induced toxic effects on TFLO even at low 
concentrations (0.3 µg/L). Growth was 
inhibited and LPO increased. Enzymatic 
antioxidant systems (SOD, CAT and GSTs) 
and soluble antioxidant molecules (GSH) 
were not activated. However, other 
antioxidant (diterpenoids) and EPS increased 
counteracting Cu toxicity at this concentration.  
At 6 µg Cu/L the cellular metabolism (ETS) 
increased, providing energy to mitigate Cu 
toxicity. Enzymatic (SOD and CAT) and non-
enzymatic (glutathione) responses were 
activated diterpenoids continue to increase, 
as lipids and N-compounds. All together these 
alterations were efficient enough to control 
oxidative stress since LPO did not increase 
significantly relatively to 0.3 µg Cu/L. At 10 µg 
Cu/L, TFLO cells were under extreme stress, 
evidencing profound physiological (ETS, 
protein levels), biochemical and metabolic 
(generally decrease of amino acids and 
terpenoids) alterations, high membrane (LPO) 
and protein (PC) damage, inhibition of 
enzymatic activity (SOD) and possibly 
interfering with frustule peptides involved with 
diatom biosilification (decrease in 
hydroxylamine). However, other mechanisms 
were maintained (CAT and glutathione) or 
even increased (GSTs, EPS, frustulins, 
diterpenoids), contributing to minimize the 
deleterious effects of Cu to TLFO cells.  
This study found several new markers, 2-
palmitoyl-glycerol, hydroxylamine, glycerol, 
general diterpenoids, seemed to be good 
markers of Cu exposition. To our knowledge, 
these compounds have never been reported 
as Cu markers, however, in this study they 
have shown a linear variations trend (R2>0.8) 
and thus should be considered to further 
research on specific markers for Cu 
exposition.    
This knowledge can make a significant 
contribution to design new in situ studies and 
to evaluate the efficiency of these markers in 
unravelling Cu stress directly on the 
environment, contributing to develop new 
tools to establish appropriate regulatory 
guidelines and integrating methodologies to 
mitigate toxicants in Cu impacted 
environments 
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Supplementary material: 
 
Table S1- Water parameters from sampling site 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2015-10-27 
Site: Silvbergssjön, Dalarna, Sweden  
   
Water parameters Units  
Absorbance 420/5 A.U. 0.238 
pH 
 
5.3 
Temperature °C 22.2 
DOC mg/l 9 
Sodium, Na mg/l 1.6 
Potassium, K mg/l 0.37 
Calcium, Ca mg/l 2.8 
Magnesium, Mg mg/l 0.75 
Arsenic, As  mg/l 0.00026 
Lead, Pb  mg/l 0.017 
Cadmium, Cd  mg/l 0.0023 
Copper, Cu  mg/l 0.0062 
Chromium, Cr  mg/l 0.00022 
Mercury, Hg  µg/l < 0,0050 
Nickel, Ni  mg/l 0.00044 
Zinc Zn  mg/l 0.53 
Alkalinity mekv/l < 0,010 
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Tabela suplementar 2S – Cu GC-MS analysis results, compounds divided by family 
Chemi
cal 
family 
ID RI m/z Name Peak area average per condition Cu (µg/L) ± standard deviation 
0 0.3 6 10 
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ip
id
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3 1073 177 Glycolic acid (2TMS) 122459.47 ±13645.26 146508.01 ±26487.71 211961.98 ±15248.86 128813.67 ±60347.84 
13 1221 17  1,3-Cyclohexanediol 54349.79 ±13961.37 50013.72 ±23386.27 110572.37 ±10572.53 34202.21 ±3017.16 
27 1355 215 Nonanoic acid (TMS) 214425.41 ±35484.21 281341.95 ±106016.59 388479.79 ±32667.57 447752.05 ±72955.76 
34 1452 229 Decanoic acid (1TMS) 13584.25 ±1288.13 19508.94 ±7641.07 33604.23 ±2885.24 31863.14 ±3006.35 
42 
1543 292 L-Threonic acid (3-TMS ether, TMS 
ester) 
3147.73 ±892.83 4588.18 ±2304.73 9274.35 ±888.07 4617.87 ±222.78 
43 1548 243 Undecanoic acid (1TMS) 3616.94 ±746.12 5420.74 ±3850.40 12031.57 ±2846.11 6084.02 ±71.15 
50 1646 257 Dodecanoic acid (TMS) 19069.55 ±1483.31 32676.15 ±15524.00 56567.74 ±9091.22 64591.31 ±5298.44 
52 1710 97 Fatty alcohol 4074609.71 ±135046.34 3848147.37 ±257123.80 4547765.85 ±207697.50 3925474.31 ±104433.97 
56 1786 317 Azelaic acid (2TMS) 7879.84 ±918.04 16866.03 ±3061.84 16656.65 ±1546.95 37042.48 ±9022.81 
59 1822 117 Myristoleic acid (TMS) 4447.91 ±786.20 14729.84 ±18299.34 45376.31 ±14965.24 56016.53 ±3098.22 
61 
1844 285 Myristic acid (TMS) 6310478.93 ±594017.02 9152356.62 ±3847898.4
7 
17292493.1
1 
±973545.67 12166271.1
6 
±860656.15 
62 1861 95 Fatty acid branched 207971.72 ±31584.70 322033.33 ±123815.85 571351.18 ±3893.03 384054.81 ±47060.21 
63 1879 95 Fatty acid branched 465830.32 ±80419.31 741529.80 ±249977.25 1296340.61 ±14311.35 846441.88 ±120518.40 
65 1902 95 Fatty acid branched 121721.48 ±31892.83 190882.50 ±70041.42 331314.26 ±18878.69 216950.67 ±60990.88 
67 1926 297 C15-1 Lipid + CH2 8857.15 ±700.26 13762.10 ±11146.59 34380.38 ±6407.67 15675.67 ±442.96 
69 1941 117 Pentadecanoic acid (TMS) 888296.23 ±138613.78 1574466.27 ±888110.78 3444850.86 ±311135.70 3251321.68 ±452671.63 
70 1954 299 1-Hexadecanol (nTMS) 8175.04 ±389.96 16860.35 ±19438.97 56722.40 ±7644.58 48093.20 ±5822.94 
72 1971 97 E-11-Hexadecenoic acid, ethyl ester 11031.59 ±681.32 186018.46 ±277210.98 15417.21 ±2434.46 75734.23 ±16258.07 
74 2009 307 Fatty acid unsaturated 124548.80 ±21055.45 209107.82 ±165835.61 520883.11 ±83955.43 73268.19 ±1498.39 
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75 
2027 311 Z-9-Hexadecenoic acid (TMS 
derivative) 
12245208.9
6 
±1376141.3
6 
18879453.3
1 
±6230052.6
3 
33284200.0
9 
±1282446.6
7 
25935670.1
9 
±1900641.1
2 
76 
2027 309 Fatty acid unsaturated 3535320.64 ±481664.93 5320651.50 ±1074956.3
6 
6472603.47 ±929055.11 3032818.27 ±116858.16 
77 
2042 313 Hexadecanoic acid (TMS) 7017032.13 ±669298.00 12569801.8
9 
±2909074.9
5 
17746809.7
1 
±855694.08 25083091.5
4 
±158808.18 
79 2138 327 Heptadecanoic acid (TMS) 7691.78 ±857.47 14924.22 ±3812.00 17846.43 ±4805.59 36601.04 ±16770.96 
80 2150 327 Fatty acid 6284.07 ±697.54 16992.09 ±19351.44 72999.90 ±9153.72 83634.82 ±1429.65 
82 
2189 335 6,9,12-(Z,Z,Z)-Octadecatrienoic acid 
(TMS) 
11168.20 ±1808.19 19197.43 ±15794.03 55082.26 ±2107.92 33388.04 ±1059.74 
83 2208 337 9,12-(Z,Z)-octadecadienoic acid (TMS) 133423.39 ±12412.31 228948.02 ±388311.70 899102.31 ±292739.74 742222.34 ±39556.86 
84 2213 339 9-(Z)-Octadecenoic acid (TMS) 59811.96 ±4767.16 115205.33 ±309722.80 578301.19 ±311067.90 1151869.58 ±55982.05 
86 
2238 341 Octadecaboic acid (TMS) 1556833.42 ±75832.35 1954979.56 ±1575067.8
7 
4230733.91 ±1633807.8
4 
3032851.89 ±240479.74 
88 2351 218 Fatty acid glycerol derivative 54444.98 ±8341.60 78816.51 ±71611.21 228807.72 ±24419.59 305004.23 ±10821.08 
89 2356 247 Fatty acid branched 26524.92 ±3746.53 57429.17 ±246143.60 388130.26 ±283985.27 404163.15 ±44452.25 
90 
2368 361 5,8,11,14-(Z,Z,Z,Z,)-Eicosatetraenoic 
acid (TMS) 
27205.26 ±3782.28 40272.35 ±37049.67 136800.78 ±8606.55 11000.39 ±1173.18 
91 
2377 359 cis-5,8,11,14,17-Eicosapentaenoic acid 
(TMS) 
44001.73 ±9748.61 78950.54 ±69274.62 213445.03 ±25173.70 43472.82 ±2574.68 
92 2386 378 Fatty acid 3782.30 ±746.58 5042.16 ±8770.59 22698.19 ±3876.61 2038.35 ±274.69 
93 2393 376 Fatty acid 5575.70 ±1073.50 7135.52 ±8045.92 26137.82 ±340.04 4941.38 ±283.06 
95 2433 369 Eicosanoic acid (TMS) 7235.24 ±367.03 12314.46 ±4550.16 22475.14 ±748.74 19676.05 ±1525.27 
96 2497 319 Fatty acid amide 4702.51 ±1729.91 3047.73 ±6782.14 15172.59 ±4745.28 2865.24 ±51.99 
97 2522 311 Fatty acid glycerol derivative 6738.35 ±1313.17 9837.90 ±18305.41 40598.19 ±14584.08 62200.05 ±3928.62 
98 
2538 459 2-Palmitoylglycerol (2TMS 
derivative) 
3331.34 ±452.32 5118.61 ±6921.17 17114.84 ±5234.11 75590.72 ±6304.12 
99 2547 199 Docosahexaenoic acid (TMS) 79853.20 ±11783.24 124764.09 ±209994.50 473761.48 ±169147.44 48587.59 ±1939.15 
100 2558 369 Fatty acid 4398.64 ±638.13 5908.50 ±8747.61 21959.57 ±5649.56 40770.25 ±4295.99 
101 2574 371 Fatty acid glycerol derivative 285386.61 ±58812.39 451693.24 ±450657.05 1026770.02 ±489340.93 747760.03 ±34468.83 
106 
2767 399 Octadecanoic acid-2,3-
dihydroxypropylester (2TMS) 
353423.92 ±76280.05 519997.95 ±179651.77 641209.99 ±149709.17 544185.81 ±10706.21 
109 2830 425 Lignoceric acid (nTMS) 42723.99 ±1412.47 50218.88 ±14304.81 96698.66 ±12354.34 64638.98 ±10999.65 
   
Total Sum average 38186605.1
6 
 
57397519.1
6 
 
95725503.5
4 
 
83323311.8
4 
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38 1508 232 Aspartic acid (N,N,O-TMS) 77966.78 ±22968.46 95579.14 ±43965.50 187049.59 ±9891.60 149724.78 ±3321.84 
39 1516 268 Pyroglutamic acid (N,O-TMS) 30149.39 ±4738.88 33272.00 ±15057.98 60245.44 ±2386.36 53219.69 ±5387.73 
48 1623 218 Phenylalanine (N,O-TMS) 83567.66 ±17035.59 131597.11 ±103309.60 322568.42 ±55032.97 106622.15 ±2544.62 
49 1644 174 1,3-Diaminopropane (4TMS) 52301.33 ±3582.50 67384.76 ±36139.44 176607.48 ±19732.99 170985.12 ±9231.03 
54 1762 156 Glutamine (N,N,O-TMS) 19972.46 ±4454.79 28969.40 ±16283.92 62648.46 ±2145.15 9574.95 ±1095.56 
58 1812 256 Arginine (3TMS) 24404.98 ±4147.88 30699.43 ±15243.75 74138.39 ±30977.71 4985.63 ±311.25 
66 1913 174 Lysine (N,N,N,O-TMS) 89750.56 ±11359.80 104949.00 ±44868.08 275154.48 ±126915.24 23977.53 ±3278.10 
68 1931 218 Tyrosine (N,O,O-TMS) 128340.61 ±30078.20 192389.84 ±212982.66 578561.39 ±135474.82 152815.82 ±5929.40 
   
Total Sum average 9083788.71 
 
9606654.06 
 
16100857.6
5 
 
7271369.74 
 
Chemi
cal 
family 
ID RI m/z Name 
Peak area average per condition Cu (µg/L) ± standard deviation 
0 0.3 6 10 
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1 1026 129 Acid amine 31097.53 ±6735.51 45934.68 ±23131.35 89870.68 ±12430.69 38614.36 ±1765.26 
5 1100 116 Alanine (N,O-TMS) 2634043.44 
±103839.29 
3654087.96 ±1646815.1
4 
6393580.69 
±760063.15 
1959383.90 
±369933.71 
6 1114 133 Hydroxylamine (3TMS) 2655173.99 ±650833.32 1090575.47 ±698032.28 109778.25 ±99689.04 11125.73 ±4693.31 
8 1141 152 4-Hydroxypyridine 8nTMS) 316618.27 ±66912.29 395281.67 ±106241.89 569437.36 ±60931.11 238246.68 ±96309.35 
12 1210 144 Valine (N,O-TMS) 928879.36 ±83864.06 947625.09 ±842291.81 2307886.96 ±126747.64 779783.98 ±222979.32 
14 1232 189 Urea (2TMS derivative) 230387.06 ±65255.36 231402.99 ±124276.14 461054.71 ±20208.58 639369.98 ±1857.77 
18 1264 158 pyrazole 824705.20 ±224079.86 1239208.46 ±663960.95 1894490.17 ±466635.14 719010.37 ±160390.47 
20 1286 158 Isoleucine (N,O-TMS) 206044.07 ±13419.55 280697.30 ±199059.39 565572.85 ±139743.91 233838.81 ±67338.62 
23 1322 196 Amino acid derivative 443404.43 ±40199.30 684197.12 ±432581.61 1314090.76 ±430205.76 1291243.47 ±29557.16 
26 1349 204 Serine (N,O,O-TMS) 294745.71 ±104641.46 337025.23 ±171918.28 629363.85 ±56589.22 672832.57 ±32141.27 
29 1375 291 Threonine (N,O,O-TMS) 12235.87 ±3347.41 15777.42 ±5468.29 28757.74 ±6263.90 16014.21 ±321.20 
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17 1263 205 Glycerol (3TMS) 1992321.07 
±422623.19 
2660625.16 ±1284877.5
5 
4388846.86 ±1053877.8
8 
14165161.8
4 
±2468200.2
2 
87 2293 337 Pyranoside glucoside 232344.39 ±44374.48 393018.82 ±557553.06 1524735.44 ±251204.45 387367.21 ±34223.62 
103 2621 361 Sucrose (8TMS) 43037.29 ±20277.20 38634.09 ±36943.91 111680.05 ±5245.30 145626.62 ±10574.23 
104 2675 204 Lactose (MEOX, 8TMS) 3802.59 ±507.37 4972.35 ±1578.25 7476.30 ±1020.33 17420.09 ±5080.07 
105 2710 361 cellobiose 796.91 ±265.06 1313.12 ±11492.04 16800.87 ±13218.91 16588.97 ±4390.79 
114 3098 204 Pyranoside glucoside 90003.79 
±24359.87 
155451.39 
±988939.35 
1552789.36 ±1073159.0
8 
329025.20 
±50940.10 
118 3326 204 Pyranoside glucoside 227032.17 ±40235.46 373502.64 ±275134.09 1112702.32 ±133854.49 97988.81 ±17408.49 
119 3493 379 Di/tri-saccharide 21508.02 ±2274.99 33968.87 ±34741.40 116213.37 ±3579.13 2011.27 ±102.76 
120 3504 383 Di/tri-saccharide 81637.94 ±12495.00 133136.14 ±123016.45 456625.06 ±57728.13 32329.57 ±2232.36 
121 3513 381 Di/tri-saccharide 31819.35 ±4517.58 50480.52 ±45870.67 176296.63 ±24042.80 4169.09 ±1052.99 
122 3515 385 Di/tri-saccharide 49701.96 ±8282.81 78977.70 ±67236.33 257869.66 ±22322.99 105531.22 ±3264.92 
   
Total Sum average 2774005.47 
 
3924080.81 
 
9722035.91 
 
15303219.8
9 
 
Chemi
cal 
family 
ID RI m/z Name Peak area average per condition Cu (µg/L) ± standard deviation 
0 0.3 6 10 
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55 1773 253 Steroid 19244.23 ±2094.57 22369.37 ±10669.81 46213.35 ±901.72 17296.36 ±162.28 
81 2168 143 Phytol (1TMS) 46922195.3
4 
±4084760.7
5 
71160376.9
6 
±42315907.
42 
159290221.
15 
±7373892.6
1 
37863653.3
0 
±3580510.6
7 
94 2406 239 diterpenoids 5843.42 ±2344.99 12210.14 ±9602.25 32796.18 ±3017.92 154009.02 ±8123.92 
110 2856 255 Sterol 28151.74 ±4054.07 41720.46 ±48862.22 145832.16 ±15638.78 55549.19 ±4647.57 
111 2907 366 Sterol 12912.87 ±1903.94 17890.37 ±20866.56 59443.78 ±9502.14 13666.92 ±1451.08 
112 2952 380 Sterol 14993.98 ±2985.66 22015.18 ±25073.81 75390.20 ±7189.61 22301.64 ±1771.61 
113 2990 380 Sterol 130057.02 ±19675.06 193820.90 ±246683.67 657283.49 ±142527.02 194673.46 ±19909.11 
115 3137 456 Sterol 20186.28 ±2065.94 28661.57 ±29835.52 83292.38 ±18389.42 26677.89 ±220.78 
116 3216 470 Sterol 32873.12 ±6032.36 48738.31 ±63630.70 155851.52 ±49614.11 73570.65 ±4461.61 
   
Total Sum average 47186458.0
2 
 
71547803.2
5 
 
160546324.
20 
 
38421398.4
4 
 
Chemi
cal 
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ID RI m/z Name 
Peak area average per condition Cu (µg/L) ± standard deviation 
0 0.3 6 10 
O
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e
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4 1086 134 similar to Lumichrome 535732.36 ±112680.55 917729.67 ±182679.75 1178047.77 ±378124.68 443852.70 ±70098.73 
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22 1318 183 Patulin (TMS)  472995.37 ±67991.09 611718.58 ±347950.74 1347380.82 ±43809.33 207236.52 ±25511.01 
32 1395 261 Glutaric acid (2TMS) 20155.65 ±1519.56 30006.27 ±10727.82 54657.41 ±1877.41 58499.47 ±1938.70 
40 1524 174 4-Aminobutyric acid (GABA) (N,N,O-
TMS)  
734500.23 ±119173.16 929410.88 ±384976.25 1832400.69 ±23326.72 336207.76 ±20327.91 
60 1837 123 Neophytadiene 213564.94 ±20383.54 304571.52 ±81285.19 501284.44 ±37373.85 317081.16 ±46427.75 
123 3578 648 Tris(2,4-di-tert-butylphenyl) 
phosphate 
67639.59 ±4464.97 99132.66 ±24584.76 138070.84 ±6142.60 199281.87 ±5592.21 
   
Total Sum average 2044588.13 
 
2892569.57 
 
5051841.96 
 
1562159.47 
 
Chemi
cal 
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ID RI m/z Name 
Peak area average per condition Cu (µg/L) ± standard deviation 
0 0.3 6 10 
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25 1345 260 Unknown_04 8446.23 ±1608.90 10600.00 ±2232.72 9088.94 ±373.30 21853.95 ±578.13 
28 1356 199 Unknown_05 75739.57 ±10837.06 139155.55 ±62872.67 260980.16 ±16397.44 85895.46 ±8998.72 
30 1377 240 Unknown_06 147108.10 ±27091.42 188039.84 ±33950.75 262907.22 ±8030.50 249977.33 ±12103.39 
31 1381 140 Unknown_07 35755.51 ±8527.43 55566.30 ±19930.60 77187.95 ±1975.39 32958.61 ±16765.78 
37 1470 143 Unknown_10 11756.28 ±1935.52 19260.70 ±11605.54 47777.66 ±1012.14 7199.03 ±38.30 
45 1579 217 Unknown_12 27823.74 ±7660.84 34288.05 ±25940.26 81570.34 ±14426.47 70617.25 ±2916.22 
53 1719 289 Unknown_14 7793.91 ±717.07 10613.98 ±10245.44 29387.99 ±6712.55 13950.31 ±1817.66 
57 1796 212 Unknown_15 78269.92 ±3380.37 117371.65 ±89151.87 296314.64 ±38963.60 86493.61 ±2178.48 
73 1990 352 Unknown_16 18077.44 ±2440.83 27193.66 ±14730.76 74898.59 ±14361.14 7186.11 ±939.82 
78 2074 183 Unknown_17 11707.63 ±2260.97 21591.57 ±12536.51 32276.13 ±12462.29 5279.32 ±76.81 
85 2227 197 Unknown_18 28353.91 ±5329.48 50932.97 ±230538.11 369094.95 ±257293.77 100872.43 ±987.41 
102 2599 57 Unknown_19 415070.12 ±10462.24 396227.81 ±197871.37 720246.85 ±164991.47 371141.31 ±10339.43 
107 2799 57 Unknown_20 324811.26 ±17431.25 294190.64 ±58352.17 402287.93 ±29631.37 302168.78 ±6036.07 
   
Total Sum average 1190713.63 
 
1365032.73 
 
2664019.35 
 
1355593.50 
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2 1073 173 Hexanoic acid (TMS derivative) 168008.40 ±22772.75 287927.91 ±81210.22 221367.93 ±18546.45 191547.42 ±83921.38 
7 1137    235 5,6-Dihydrouracil (2TMS) 10665503.3
4 
±1732787.1
2 
9029005.87 ±2395311.5
0 
12517135.8
3 
±518119.47 8011548.00 ±901823.65 
9 1175   173 Unknown_01 319812.10 ±321327.52 210026.48 ±61794.15 200711.24 ±132031.57 218513.40 ±161578.40 
10 1179    117 Unknown_02 675087.24 ±689460.32 454398.09 ±151640.50 413078.99 ±286637.45 334468.81 ±247683.09 
11 1186  180 Fatty acid unsaturated 159818.53 ±72736.89 143321.45 ±47425.18 118353.44 ±72904.83 116787.26 ±75267.13 
15 1236   117 Diethylene glycol (2TMS derivative) 86462.70 ±34356.94 130518.13 ±55574.77 82630.98 ±10983.39 53092.92 ±9816.30 
16 1263    299 Phosphate fragment 1875761.84 ±991941.70 1703152.58 ±1086413.7
4 
1752747.82 ±509730.87 1270628.16 ±892741.82 
19 1273    247 Unknown_03 70183.14 ±20890.26 56528.97 ±15351.14 35966.66 ±10517.95 141244.32 ±58083.19 
21 1305   247 Butanedioic acid (2TMS derivative) 218144.77 ±85068.25 186442.12 ±61668.59 308183.58 ±104653.76 159520.51 ±20237.10 
24 1329    184 Lumichrome (2MEOX) 7095962.64 ±2491750.0
1 
9112041.95 ±2832468.4
1 
8505483.47 ±1415297.0
3 
5653198.03 ±769331.83 
33 1413   228 Unknown_08 724664.25 ±22738.89 688197.16 ±35145.37 795894.24 ±39680.66 687046.31 ±28882.91 
35 1457  160 Iminodiacetic acid (2TMS) 50938.74 ±49358.61 36561.25 ±48511.59 22585.17 ±19242.81 55296.79 ±53590.35 
36 1464    255 Unknown_09 104797.30 ±13500.03 95807.55 ±11232.72 99268.17 ±24135.24 72903.49 ±14757.98 
41 1538   263 Ditertbutylphenol (1TMS) 58442.95 ±5395.10 63540.58 ±22797.61 78191.06 ±12019.70 51589.70 ±8726.32 
44 1554   285 Unknown_11 5991.17 ±2950.11 15546.38 ±10129.20 9086.75 ±3445.94 41023.94 ±29042.38 
46 1592   239 Benzene-1,2,4-triol (3TMS) 43095.09 ±5636.74 43622.27 ±5367.92 53105.55 ±4116.02 39434.80 ±5268.66 
47 1617   333 Unknown_13 116704.02 ±26739.94 117419.60 ±25906.82 103017.34 ±39224.37 82229.36 ±5935.46 
64 1893   273 iditol 64388.24 ±14340.26 87222.75 ±23660.38 63663.36 ±358.86 144781.17 ±56447.58 
71 1960    149 Dibutyl phthalate 3254788.93 ±5477999.0
3 
238762.88 ±216518.50 227295.08 ±62180.89 291949.26 ±71321.80 
108 2818    131 Fatty Acid (amide) derivative 32703.37 ±29332.51 25036.79 ±25190.95 177520.15 ±125005.80 28847.02 ±19259.58 
117  3283  309 alpha-Tocopherolhydroquinone, 
tris(trimethylsilyl) ether 
33490.74 ±18154.86 38002.62 ±25677.87 64438.02 ±21812.00 52297.21 ±30418.97 
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